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ABSTRACT

Carter, Nathaniel J. Ph.D., Purdue University, August 2015. Nanocrystal Synthesis and
Thin Film Formation for Earth Abundant Photovoltaics. Major Professor: Rakesh
Agrawal.

Providing access to on-demand energy at the global scale is a grand challenge of
our time. The fabrication of solar cells from nanocrystal inks comprising earth abundant
elements represents a scalable and sustainable photovoltaic technology with the potential
to meet the global demand for electricity. Solar cells with Cu2ZnSn(S,Se)4 (CZTSSe)
absorber layers are of particular interest due to the high absorption coefficient of CZTSSe,
its band gap in the ideal range for efficient photovoltaic power conversion, and the
relative abundance of its constituent elements in the earth’s crust. Despite the promise of
this material system, CZTSSe solar cell efficiencies reported throughout literature have
failed to exceed 12.6%, principally due to the low open-circuit voltage (VOC) achieved in
these devices compared to the absorber band gap.
The work presented herein primarily aims to address the low VOC problem. First,
the fundamental cause for such low VOC’s is investigated. Interparticle compositional
inhomogeneities identified in the synthesized CZTS nanocrystals and their effect on the
absorber layer formation and device performance are characterized. Real-time energydispersive x-ray diffraction (EDXRD) elucidates the role of these inhomogeneities in the
mechanism by which a film of CZTS nanocrystals converts into a dense absorber layer
comprising micron-sized CZTSSe grains upon annealing in a selenium atmosphere

xxi
(selenization). Additionally, a direct correlation between the nanocrystal
inhomogeneities and the VOC in completed devices is observed. Detailed characterization
of CZTSSe solar cells identifies electrical potential fluctuations in the CZTSSe absorber
– due to spatial composition variations not unlike those observed in the nanocrystals – as
a primary VOC inhibitor.
Additional causes for low VOC’s in CZTSSe solar cells proposed in the literature
involve recombination at the interface between the CZTSSe absorber and: (1) the n-type,
CdS buffer layer, or (2) the Mo back contact, and work is presented to address these
issues. A chemical-mechanical polishing procedure is developed to afford modification
of the CZTSSe absorber surface, and in turn the CZTSSe/CdS interface. However, such
treatment results in a failure of the resultant solar cells to produce any photogenerated
current without annealing/selenizing the absorber again prior to the deposition of CdS.
For nanocrystal-based CZTSSe solar cells, the possibility of VOC limitations due to back
surface recombination may be related to the formation of the C- and Se-rich layer of fine
grains between the CZTSSe layer and the Mo contact, which is largely attributed to the
long-chain organic solvent and ligand typically utilized in formulating the nanocrystal ink.
CZTS nanocrystals are synthesized using a lighter but chemically similar organic solvent,
and while films selenized from these particles appear to contain qualitatively less carbon,
devices with these absorbers fail to produce noteworthy efficiencies.
Finally, Cu2MnSn(S,Se)4 (CMTSSe) is investigated as a proof-of-concept PV
material due to its structural similarity to CZTSSe and the magnetic properties of Mn,
which may prove advantageous in spintronic photovoltaic hybrid devices. While initial
results demonstrate diode behavior and photoresponse from a CMTSSe/CdS junction,
further processing optimization is necessary to realize meaningful device efficiencies.
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CHAPTER 1. BACKGROUND AND INTRODUCTION

1.1

The Energy Crisis and the Potential of Photovoltaics

In industrialized and developing countries, the need for plentiful, on-demand
energy is rampant. The total global energy consumption in 2013 was greater than 93
billion barrels of oil equivalent, and fossil fuel energy sources (i.e. coal, oil, and natural
gas) contributed nearly 87% of this demand.1 Known oil reserves are projected to last
for roughly 50 more years at the current rate of global consumption;1 however, the rate of
consumption is projected to increase between 150 and 200% by 2040.2 The construction
and implementation of an integrated alternative energy infrastructure will be a very time
intensive endeavor, so it is essential to be working now to develop suitable alternative
forms of energy.
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Figure 1.1 Left: Reserves-to-Production (R/P) ratios for oil, coal, and natural gas as of the
end of 2013. Right: Percentage of global energy consumption in 2013 by fuel. Data
obtained from [1].
Photovoltaic (PV) technology provides a relatively clean, durable, safe and
abundant source of renewable energy and requires little to no maintenance; as an example
of the tremendous abundance of solar energy, the projected global energy consumption in
2020 could be produced by a PV farm covering a square region roughly 425 miles on a
side in the American southwest3 – just over 6% of the total contiguous U.S. land area.
The global flux of solar radiation exceeds global fossil fuel consumption by several
orders of magnitude.2,4 Thus, even after accounting for practical PV module efficiencies
and installation scales, solar energy promises to serve as a leading alternative energy
source for the future. In particular, thin film inorganic solar cells from earth abundant
materials offer the potential for relatively inexpensive PV modules with reasonably high
efficiencies.5
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Figure 1.2 Energy production potential for various renewable energy sources compared to
global fossil fuel consumption in 2000, 2010 (solid line), and projected for 2040 (dotted
line). Figure adapted from [4]. 2010 and projected 2040 fossil fuel consumption data
obtained from [2].

1.2

Photovoltaic Materials

Until recently, PV has been primarily limited to niche, off-grid applications (e.g.
consumer electronics and satellite power supplies), largely due to the high cost of these
modules compared to conventional energy sources such as petroleum, coal, and natural
gas. Originally, crystalline Si (x-Si) and GaAs dominated the PV market. Although
crystalline GaAs offered higher efficiencies, x-Si became more popular due to its lower
manufacturing cost.6 In the second half of the 1990’s, x-Si module power conversion
efficiencies began to plateau around 25%,7 and the technology still could not compete
economically with conventional primary energy sources. Multi-junction devices were
developed in the 1970’s and offered improved efficiencies but also incurred high costs
due to complicated device construction methods.6 In just the last half decade,
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manufacturing costs for Si modules have dropped significantly, from above $2.00/W in
2010 to roughly $0.60/W in 2013,8 but the ability to fabricate these devices on the
targeted TW scale is still over a decade away under the current trend.9 However, with the
emergence of organic PV (OPV) and thin film inorganic solar cell technologies,
competitively priced PV modules can conceivably be produced in comparatively high
throughput industrial processes.5,10,11 Although inexpensive and scalable, OPV
technology has been limited by its tendency to degrade quickly over time as well as
relatively low power conversion efficiency; however, recent progress in the field has
culminated in a record efficiency of 11.1% for organic cells.11 Inorganic thin film
materials are direct band gap materials and thus exhibit higher absorption coefficients
than x-Si, as well as stability over time, comparable high efficiencies, minimal material
use requirements, scalable deposition processes, and high-throughput production
capabilities; examples of these materials include amorphous Si (a-Si) and polycrystalline
binary, ternary, and quaternary compounds – e.g. CdTe, Cu(In1-x,Gax)(S1-y,Sey)2
(CIGSSe), and Cu2ZnSn(S,Se)4 (CZTSSe), respectively – composed of group I-VI
elements.12 These polycrystalline materials can be grown by vacuum- or solution-based
processes.12–24 For CdTe and CIGSSe, vacuum-based processes generally produce
devices with higher device efficiencies,12–14,21–24 but these processes require large capital
investments in deposition systems that are not easily scalable. However, solution-based
processes offer the potential for thin films with nanoscale composition uniformity and
afford the opportunity for readily scalable ink-based deposition or printing methods that
are similar to existing industrial processes.25
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Recently, thin film solar cells with polycrystalline p-type CIGSSe absorber layers
have emerged as a commercially viable option for PV modules. The record lab-scale
power conversion efficiency for CIGSSe devices is nearly 22%,24 and typical and
champion module efficiencies of ~12% and 16%,26,27 respectively, are achievable on a
large commercial scale. Still, In is a relatively scarce element, leaving its long-term
availability in question.25 On the other hand, Zn and Sn are comparatively abundant in
the earth’s crust.28 This fact and the structural similarity of kesterite CZTSSe to
chalcopyrite CIGSSe render CZTSSe a very attractive alternative PV material. Wadia et
al demonstrate notable advantages of CZTSSe over CIGSSe with respect to materials
availability and electricity production capacity.29 Since 2001, CZTSSe lab-scale record
efficiencies have leapt from 2.6%30 to 12.6%.20 It should be noted that the highest
CIGSSe and CZTSSe efficiencies are achieved using absorbers that deviate from
stoichiometric composition. CIGSSe absorbers with Cu/(Ga+In) values ranging from
0.70 to 0.85 (a value of 1 would adhere to stoichiometry) consistently yielded devices
with impressive efficiencies greater than 19%;23,31 similarly, it has been shown that Cupoor and Zn-rich CZTS nanocrystals lead to better device performance than
stoichiometric particles.18,25,32 Indeed, CZTSSe promises to play a major role in the
development and large-scale implementation of PV technology if CZTSSe-based devices
can be produced with efficiencies competitive with the best performing CIGSSe and Si
modules.
One promising model for the economical large-scale production of PV modules
involves “printing” inks of semiconductor nanocrystals onto substrates in a continuous
process and completing the device through in-line processing. Thin film solar cells – i.e.
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up to a few microns in total active device thickness – comprising CIGSSe absorber layers
processed from nanocrystal inks have achieved solar power conversion efficiencies up to
15%13 and require the use of minimal amounts of material due to the high absorption
coefficient of CIGSSe. Still, the relative scarcity of In causes concern regarding the longterm viability of this material system, particularly considering the widespread use of In in
other microelectronic technologies.25
1.3

Present Limitations in Cu2ZnSn(S,Se)4 Solar Cells

The CZTSSe material system offers significant potential as a sustainable
alternative due to the earth abundance of Cu, Zn, Sn, and S, a high absorption coefficient
comparable to CIGSSe, and a direct band gap energy ideally suited for the maximum
theoretical power conversion efficiency achievable by a single-junction solar cell.25,33
CZTS nanocrystals have been synthesized by various methods.34 Syntheses at
atmospheric pressure use organic solvents with high boiling points – such as oleylamine
(OLA), octadecene (OD), oleic acid (OA), trioctyl phosphine oxide (TOPO),
hexadecylamine (HDA), or mixtures thereof – to enable reaction temperatures between
225 and 300 °C.18,35–41 These recipes either use a purely solvothermal approach,37 where
all precursors are added to the reaction vessel at room temperature and heated to the
reaction temperature together, a hot-injection technique18 in which only the solvent is
heated to the reaction temperature and then the reaction precursors are injected into the
vessel, or a hybrid method35,36,38–41 where some precursors (e.g. cations) are added to the
vessel at room temperature but the remainder are injected after the solution is heated.
Typically, elemental S or Se is used as the anion precursor;35–37,39 however, thiourea,40
trioctyl phosphine selenide (TOPSe),38 and even the anion in the cation salt precursor (e.g.
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diethyldithiocarbamate)41 have been used to provide the chalcogen anion to the reaction.
Addiontally, thiols such as dodecanethiol (DDT) have been used as the sulfur precursor,
though this generally leads to the formation of wurztite rather than kesterite CZTS
nanoparticles,42–45 which have not yielded devices with competitive efficiencies.45
Solvothermal synthesis recipes at autogenous pressures in an autoclave have also been
developed and typically utilize lighter solvents such as ethylene glycol (EG) and ethylene
diamine (EDA).46–51 These recipes typically lead to the formation of nanoparticle
aggregates rather than well dispersed suspensions, likely due to chelation effects of the
EG and EDA ligands.52
While many routes to CZTSSe photovoltaic absorbers have been investigated53 –
including spray pyrolysis;54–62 evaporation and sputtering techniques;15,16,63–72
photochemical,73 pulsed laser,74–77 and electrochemical deposition processes;78–87 and solgel88–92 and solution-based methods18–20,93–97 – CZTSSe solar cells processed from a
hydrazine-based precursor solution have achieved the record efficiency of 12.6%,20
exhibiting the capability of this material. Yet, the hazards associated with hydrazine may
inhibit the adaptation of this particular method for large-scale industrial production.
Numerous groups have reported the solution-based synthesis of CZTS nanocrystals using
relatively benign solvents,18,34–37,98 and power conversion efficiencies reported for
devices fabricated from films of such nanocrystals reach as high as 9.0%.18 Similarly,
devices processed from Cu2Zn(Sn,Ge)S4 (CZTGeS) nanocrystals have achieved
efficiencies as high as 9.4%, benefitting from band gap tuning due to the partial
substitution of Sn with Ge.99 In order to achieve these efficiencies, the nanocrystal films
must be annealed in a selenium environment, or selenized, resulting in film densification
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and the substitution of S with Se in the crystal lattice.18,34,98–100 In turn, the film becomes
inherently better suited to function as a solar cell absorber layer.
Despite its significant promise, the CZTSSe material system presents a number of
challenges that have thus far inhibited device efficiencies and, in turn, its
commercialization; in particular, low open-circuit voltages relative to the CZTSSe
absorber band gap represent the primary limitation to device efficiencies.16,18,20 Several
possible explanations for such low VOC values have been proposed in literature. Low
band gap impurity phases such as SnS(e) and Cu2SnSe3 may exist locally within the
absorber film and reduce the VOC.101,102 Due to the stability of compounds composed of
the CZTSSe constituent elements – namely binary copper, zinc, and tin sulfide and
selenide compounds as well as ternary copper tin sulfide and selenide – the composition
range in which the quaternary CZTSSe phase grows instead of these other phases is
small.103 Various examples of the formation of undesirable secondary phases during the
growth of CZTSSe nanocrystals and films have been reported in the literature.62,104–106
Moreover, compositional inhomogeneities have been identified within individual CZTS
nanoparticles synthesized by several recipes.107 Additionally, forming large CZTSSe
grains generally requires processing at high temperatures (e.g. 500-600 °C), such as the
aforementioned selenization step to coarsen a film of CZTS nanocrystals into a dense
CZTSSe absorber layer with micron-sized grains. Multiple groups have reported and
studied the instability of the quaternary CZTSSe phase at such elevated temperatures in
the absence of a sufficient stabilizing chalcogen vapor pressure.17,108,109 Chen et al have
also calculated that intrinsic nanoscale defects, such as copper and selenium vacancies,
copper and zinc intermixing on lattice sites, and tin multivalency, have low formation
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energies in quaternary CZTSSe.103 While some such defects serve as the p-type dopants
that favorably contribute to the CZTSSe free carrier density (i.e. copper vacancies and
copper-on-zinc antisite defects), others introduce deleterious mid-gap defects or even ntype dopant sites.103 In the context of these defects, Scragg et al have observed an orderdisorder transition related to copper and zinc intermixing upon annealing CZTSe above
or below a critical temperature of roughly 260 °C.110 Recently, several groups have
reported work to characterize the nature of VOC limitations in CZTSSe solar cells using
several optoelectronic analysis and simulation techniques.111–118 The results of these
studies suggest the spatial variations in the conduction and valence band edges that arise
from nanoscale electrostatic defects as well as physically larger impurity phases with
differing band gaps – collectively referred to as potential fluctuations – account for the
reduced VOC values reported for CZTSSe devices throughout literature.
Other reports point to interface phenomena at the CdS/CZTSSe junction or Mo
back contact as the culprit for low VOC in CZTSSe devices. Conventional analysis of the
temperature-dependent current-voltage characteristics for CZTSSe cells yields a
recombination activation energy less than the absorber band gap, which is commonly
attributed to recombination losses at the CdS/CZTSSe interface.25,119 Several causes for
such losses have been proposed, including an unfavorable band alignment between CdS
and CZTSSe or Fermi-level pinning at the interface due to a high density of defects or
impurity phases at the CZTSSe absorber surface.101,112,120 Notably, a comparison of
devices with sulfur-containing and pure selenide CZTSSe absorbers suggested that the
inclusion of sulfur may be responsible for a recombination activation energy less than the
absorber band gap.119 However, issues relating to the Mo back contact have also been
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proposed as causes for voltage losses. Contributions to the series resistance across the
device from a ZnSe impurity phase detected at the back of the absorber71,105 as well as a
thick MoSex layer that may form during the selenization process121 represent one such
cause for low VOC. The light-dark crossover observed under forward bias in currentvoltage characteristics for CZTSSe cells has been attributed to a voltage-limiting
blocking back contact due to the band alignment at the CZTSSe/Mo interface.120
Additionally, CZTSSe device simulations have posited the carbon- and selenium-rich
fine-grain layer commonly observed at the back of nanocrystal-based CZTSSe
absorbers18,98,99,122 as the reason for a low built-in potential (VBI) measured for these cells,
which in turn is expected to inhibit the VOC.123
This thesis presents work to address many of these issues. Challenges facing the
synthesis of compositionally homogeneous CZTS nanocrystals and CZTSSe absorber
layers are discussed in Chapter 2, and a real-time study of the role of interparticle
composition inhomogeneities in the selenization mechanism is presented in Chapter 3.
Given the discrepancy between record CIGSSe and CZTSSe device efficiencies in spite
of the similar properties between the two material systems, it is important to understand
the differences in fundamental device characteristics for CIGSSe and CZTSSe cells
fabricated in a similar manner in order to make directed improvements in CZTSSe device
performance. In Chapter 4, a detailed comparison of device performance analysis for
champion CIGSSe and CZTSSe solar cells fabricated from nanocrystal inks is presented,
and furthermore, a method for the generalized analysis of CZTSSe device characteristics
that accounts for non-ideal behavior is developed and applied to real cells. Additional
work to improve device efficiencies involved mechanical polishing CZTSSe absorbers
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with the intent of improving the CZTSSe/CdS interface is presented in Chapter 5, and
efforts to reduce the amount of residual carbon in the selenized absorber film – and in
turn minimize or eliminate the fine-grain layer – by synthesizing CZTS nanocrystals with
low-boiling organic solvents/ligands are described in Chapter 6.
Cu2MnSn(S,Se)4 (CMTSSe) represents an interesting alternative absorber
material due to its structural similarity to CZTSSe, the abundance of Mn in the earth’s
crust, and its ferromagnetic properties, which may be useful in directing absorber growth
or photogenerated carrier collection as well as in spintronic devices. Chapter 7 presents a
background of the existing literature reporting investigations into this material system
and discusses work to establish a proof of concept CMTSSe-based solar cell.
1.4

Characterization Techniques

The following sections describe the typical material and optoelectronic
characterization methods utilized in the ensuing chapters to analyze experimental
nanoparticles, thin films, and solar cells. Unless otherwise noted, the techniques were
performed as described here.
X-ray Diffraction
X-ray diffraction (XRD) was utilized to analyze the crystal structure of
synthesized nanocrystals and absorber films. Three different angle-dispersive
diffractometers were used: a Scintag X2 in the θ-θ configuration, a Bruker D8 Focus in
the θ-2θ configuration, or a Rigaku SmartLabin the θ-θ configuration. For the purpose of
this work, there is no particular advantage to one configuration over the other; rather, the
different instruments were used due to their availability at different times throughout the
period of this work. For all three instruments, the incident radiation was the Cu Kα line
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(λ = 0.1541 nm), and scan rates were 6.5° 2θ/min. or slower (especially for
nanocrystalline samples) to provide sufficiently high signal-to-noise (S/N) ratios. The
strong signal near 40.5° 2θ in all samples corresponds to diffraction from the 110 planes
in the Mo coating on the soda-lime glass substrate.
Electron Microscopy Techniques
Electron microscopy (EM) was performed to measure the size of particles or
thickness of films as well as to analyze the elemental composition of the samples.
Transmission electron microscopy (TEM) was performed using an FEI Titan (Chapter 2)
or Tecnai (Chapter 7) microscope with a LaB6 filament and 200 kV accelerating voltage.
Scanning electron microscopy (SEM) utilized an FEI Quanta FEG dual-beam SEM with
an energy-dispersive x-ray detector to obtain images of cross sections of selenized films
and to perform energy-dispersive x-ray spectroscopy (EDS) compositional analysis on
the nanocrystals.
Raman Spectroscopy
Raman spectroscopy was performed using a Horiba/Jobin-Yvon LabRAM HR800
confocal microscope with a 633-nm He:Ne laser. Neutral density filters were used to
reduce the intensity of the radiation illuminating the sample to less than ~0.2 mW (with a
spot size roughly 10 μm in diameter) in order to avoid sufficiently heating the sample to
affect the measurement. Peak fitting for the Raman and XRD data was completed with
the Horiba/Jobin-Yvon Labspec 5 software.
Current-Voltage Characteristics
Room-temperature current-voltage (IV) characteristics were obtained using a
Keithley 2400 series sourcemeter and 4-point probe technique while the sample rested on
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a temperature-controlled stage held at 25 °C. Illumination was provided by a Newport
Oriel Sol3A Class AAA 450-W xenon arc lamp solar simulator (model #94023A) with an
AM1.5 filter set and calibrated to one sun intensity using a Si reference cell (Oriel
91150V) certified by NIST. Typical device efficiencies reported herein represent the
total area efficiency for 0.47-cm2 cells. Temperature-dependent IV characteristics
utilized a Lake Shore TTPX cryogenic probe station and a Newport 300-W Xe arc lamp
with neutral density and AM1.5 filters as the source of illumination. Analysis of the
diode characteristics was performed according to the method described by Hegedus and
Shafarman.124 The temperature-dependent IV measurements in Chapter 4 were
performed by first allowing sufficient time for the sample temperature to equilibrate with
that of the stage (~2 hr. at the lowest temperatures). After the temperature equilibrated, a
forward bias treatment (source 1 mA/cm2 current for 5 min., ensuring the measured
voltage stabilized) was applied immediately before performing the IV sweep in order to
avoid complications with metastabilities observed in the devices without the forward bias
treatment.125
External Quantum Efficiency
External quantum efficiency (EQE) data was collected using a home-built
apparatus comprising a Newport 300 W Xe arc lamp source, Oriel Cornerstone
monochromator, Stanford Research Systems current preamplifier (model SR570), and
Stanford SR830 lock-in voltage amplifier coupled to a Stanford SR540 chopper
controller set to 157 Hz to isolate the AC EQE response from the DC background signal.
Calibrated Si and Ge photodiode sensors (Newport 818 series) were used to normalize
the response of the device under test to the AM1.5G spectrum. The chopped incident
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light formed a rectangular spot on the sample roughly 1 mm by 2 mm in size and was
positioned onto the active area in between the fingers of the grids on the device surface in
order to avoid any losses due to shading. For voltage-biased EQE measurements, the
current preamplifier was used to source each bias. Furthermore, for the full-range (-1 to
+0.4 V) voltage-biased EQE presented in Chapter 4 utilized a steady light bias with a
polychromatic lamp, AM1.5 filter, and roughly 1 sun intensity in order to closely mimic
the true state of the device during its operation.
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CHAPTER 2. CU2ZNSN(S,SE)4 SOLAR CELLS FROM INKS OF
HETEROGENEOUS CU-ZN-SN-S NANOCRYSTALS

2.1

Introduction

One disadvantage of the CZTSSe system is the relatively small range of
experimental conditions in which formation of the quaternary compound is
thermodynamically favorable over stable binary and ternary phases.103 Thermodynamic
calculations suggest the stable growth region for quaternary CZTS increases with the Cu
chemical potential in solution, but the relative formation of Cu vacancies (VCu) and the
deeper Cu on Zn antisite (CuZn) defect is predicted to be optimal under Cu-poor and Znrich growth conditions.103 Experimentally, the best performance in CZTSSe devices has
been obtained with Cu-poor and Zn-rich absorbers.20,92 Thus, the solution-based
synthesis of pure-phase CZTS nanocrystals exhibiting the desired composition for
optimal performance as a p-type absorber layer proves challenging. Furthermore,
quaternary CZTS films have been shown to partially break down into secondary phases
when heated to high temperatures in grain growth and film densification processes.105,126
Care must be taken to design selenization processes which yield homogeneous absorber
layers from quaternary nanocrystals.
In this chapter, CZTS nanocrystals synthesized according to a previously reported
recipe35,98 are studied after separation into two populations using a centrifuge. One
population consists of small particles roughly 5 nm in diameter on average, while the
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other contains larger particles with a typical diameter ranging from 10 to 20 nm.
Furthermore, the particles exhibit notable size-correlated composition variations; the
small particles are Cu- and particularly Sn-rich, and the large particles are Zn-rich,
though the aggregate composition of the mixture of large and small particles grown by
the synthesis recipe roughly matches the target composition based on the precursor ratios
used in the reaction. Compositional and structural characterization indicates the particle
mixture likely consists of distinct phases rather than fully incorporated CZTS that varies
from stoichiometry. Moreover, the different particle classes convert to films with varying
degrees of homogeneity upon selenization. Devices fabricated from the large and small
particles individually perform poorly compared to those processed from the mixture,
which reach total area power conversion efficiencies as high as 7.9%. Particles
exhibiting a narrower composition distribution are synthesized using a modified recipe,18
and devices processed from these nanocrystals achieve improved efficiencies up to 8.4%.
The small, Zn-poor particles are found to enhance absorber layer formation during the
selenization process. (This chapter is reprinted from Solar Energy Materials and Solar
Cells, Vol. 123, Carter et al, Cu2ZnSn(S,Se)4 Solar Cells from Inks of Heterogeneous CuZn-Sn-S Nanocrystals, pp. 189-196, Copyright (2014), with permission from Elsevier.127)
2.2

Experimental Methods
General Details

All chemicals were used as purchased. The reaction precursors were copper (II)
acetylacetonate, or Cu(acac)2 (≥99.99% trace metals basis, Aldrich); zinc (II)
acetylacetonate hydrate, or Zn(acac)2•xH2O (99.995% trace metals basis, Aldrich); tin
(IV) bis(acetylacetonate) dichloride, or Sn(acac)2Cl2 (98%, Aldrich); and sulfur flakes
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(≥99.99% trace metals basis, Aldrich), with oleylamine (approx. C18-content 80-90%,
Acros Organics) as the solvent. For both nanocrystal synthesis recipes, a 1.0-M
sulfur/oleylamine precursor solution was prepared and sealed with a rubber septum in a
15-mL vial in a glove box to minimize the introduction of oxygen and moisture to the
reaction upon hot injection of the sulfur solution. For the selenization procedure,
selenium pellets (≥99.995% trace metals basis, Aldrich) were used.
Synthesis Recipe 1 (R1)
This recipe was published by Guo et al.35,98 While the sealed vial containing the
sulfur solution was heated to ~60 °C, 1.307 mmol Cu(acac)2, 0.788 mmol
Zn(acac)2•xH2O, 0.75 mmol Sn(acac)2Cl2, 12 mL oleylamine, and a stir bar were added
to a 100-mL, three-neck reaction flask fitted with a water-cooled condenser connected to
a Schlenk line. Stirred at a rate of 900 rpm, the mixture was degassed first at room
temperature then at the mixture reflux temperature under vacuum (~135 °C) via three
cycles of 5 minutes under vacuum and purging with argon. Under ~1 atm argon, the
temperature was raised to 225 °C, at which point 4.5 mL of the sulfur/oleylamine
solution (at 60 °C) were injected through a rubber septum using a syringe. Upon
injection of the sulfur solution, the temperature of the reaction mixture fell to ~205 °C but
recovered to 225 °C within ~5 minutes. The reaction temperature was maintained at
225 °C until 30 minutes after the injection of sulfur, when the reaction flask was removed
from the heat supply and allowed to cool naturally to room temperature.
Synthesis Recipe 2 (R2)
This recipe was published by Miskin et al.18 The modified nanocrystal synthesis
recipe was performed in the same manner as R1 except for two differences. First, pure
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oleylamine was degassed in the Schlenk line, and a solution of the cation precursors in
oleylamine was prepared separately from the sulfur-oleylamine solution but in the same
manner. Second, both of these precursor solutions were injected into the pure oleylamine
at 250 °C (rather than 225 °C in R1), and the reaction was stopped one hour after
injection (rather than 30 minutes).
Particle Washing and Size Separation
The cool reaction product mixture was poured into a single centrifuge tube, using
hexane to rinse the flask and collect as much of the mixture as possible, and stirred on a
vortex to ensure uniform mixing. In order to wash the particles, half of the mixture was
poured into a second centrifuge tube, and both tubes were filled with isopropanol and
centrifuged at 14 krpm for five minutes. After centrifugation, some particles had settled
at the bottom of each tube, but the supernatant in both tubes remained opaque and black
in color. In the standard washing procedure, half of each supernatant would be
temporarily stored in a glass vial and the other half diluted by filling the tubes with
isopropanol. Both tubes would be centrifuged again, and the resulting supernatant –
exhibiting the translucent, red-orange color of a dilute solution of sulfur in oleylamine –
would be discarded. The remaining supernatant from the first centrifugation would then
be split across both centrifuge tubes and diluted with isopropanol, and the tubes would be
centrifuged again. The supernatant would again appear translucent and red and would be
discarded, and the particles settled in the centrifuge tube would be washed four more
times by being dispersed in hexane, diluted with either isopropanol alone or a roughly 3:1
mixture of methanol to isopropanol, and centrifuged. In this way, nearly all the particles
formed during the synthesis can be collected and utilized to fabricate solar cells.
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This washing procedure was slightly modified in order to investigate differences
between the particles that settle during the first centrifugation and those that remain
suspended in the supernatant. After splitting the mixture of hexane and reaction products
evenly between two centrifuge tubes, the contents of one tube were washed according to
the procedure described above. However, for the second tube, the supernatant from the
first centrifugation and the particles that settled in the tube were washed separately but
according to the standard procedure. Ultimately, the three classes of particles – the
standard mixture of particles, those that settled after the first centrifugation (large
particles), and those that remained suspended (small particles) – were collected from the
same reaction, each with sufficient yield to perform the desired characterization and
process into devices. The “mixed” particles correspond to those used by Guo et al to
achieve a device efficiency of 7.2%.98
Selenization
Particles were dispersed in hexanethiol to form an “ink”, which was coated
approximately 1 um thick onto Mo-coated soda-lime glass using a doctor-blade technique
and baked in air on a hot plate at 300 °C for one minute to dry. The coated films were
sintered with ~300 mg Se pellets in a graphite box in a tube furnace at 500 °C for 20
minutes. Devices were completed by means of chemical bath deposition of CdS,
sputtering of ZnO and tin-doped indium oxide (ITO), and electron beam evaporation of
Ni/Al grids.
Characterization and Analysis
TEM images were obtained using an FEI Titan transmission electron microscope.
The crystallographic structure of the samples was characterized by XRD using Cu Kα
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radiation (λ = 0.1541 nm) in a Bruker D8 Focus (θ-2θ configuration) diffractometer for
the nanocrystals and a Scintag X2 diffractometer (θ-θ) for the sintered films. XRD data
in Figure 2.2 have been smoothed using a 5-point moving average. An FEI Quanta 3D
FEG Dual-beam SEM with an energy-dispersive x-ray detector was used to obtain
images of cross sections of selenized films and to perform EDS compositional analysis
on the nanocrystals. Raman spectroscopy was obtained using a Horiba/Jobin-Yvon
LabRAM HR800 confocal microscope with a 633-nm He:Ne laser. Neutral density
filters were used to reduce the intensity of the radiation illuminating the sample to less
than ~0.2 mW (with a spot size roughly 10 μm in diameter) in order to avoid sufficiently
heating the sample to affect the measurement. Peak fitting for the Raman and XRD data
was completed with the Horiba/Jobin-Yvon Labspec 5 software; the data presented in
Figure 2.3 and Figure 2.5 were smoothed using a Fourier Transform prior to peak fitting
to facilitate the analysis. Current-voltage characteristics were obtained using a Keithley
2400 series sourcemeter and 4-point probe technique while the sample rested on a
temperature-controlled stage held at 25 °C. Illumination was provided by a Newport
Oriel Sol3A Class AAA 450-W xenon arc lamp solar simulator (model #94023A) with an
AM1.5 filter set and calibrated to one sun intensity using a Si reference cell (Oriel
91150V) certified by NIST. All device efficiencies reported herein represent the total
area efficiency for 0.47-cm2 cells.
2.3

Results and Discussion

Characterization of Size-separated Particles
Transmission electron microscopy (TEM) images of large and small particles
displayed in Figure 2.1 reveal the size and morphology of representative particles from
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each class. A typical view of the large particles is presented in Figure 2.1a; the average
diameter of the large particles is measured to be 16.0 ± 6.4 nm (see Appendix A for size
calculation details). Figure 2.1b presents a high-resolution TEM (HRTEM) image of a
large particle aligned to the [110] zone axis where the {112} and {004} planes of CZTS
phase can be observed. On the other hand, Figure 2.1c shows that the small particles are
nearly monodisperse with typical diameter of 5.1 ± 2.2 nm. A high resolution TEM
image further reveals that an inter-planar spacing of 3.1 Å is observed regularly, which
belongs to {112} planes in CZTS nanocrystals.

Figure 2.1 TEM images of large (a) and small (c) particles grown by R1. HRTEM
images of large and small particles are depicted in (b) and (d), respectively. Reprinted
from [127] with permission from Elsevier.
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Energy-dispersive X-ray spectroscopy (EDS) analysis reveals notable
compositional deviations between particle classes. The masses of small and large
particles collected – and therefore the masses of the two classes comprising the mixed
particles – are nearly equal. It should be noted that the small particles have a higher
surface area-to-volume ratio and therefore are likely to contain a greater mass fraction of
organic ligands. The relative atomic cation compositions for each particle class as
revealed by EDS are enumerated in Table 2.1. Compared to the target composition, the
large particles are rather Zn-rich, while the small particles are deficient in Zn but rich in
Sn. The mixed particles roughly match the target composition despite comprising a
broad compositional distribution. Given the observed size-correlated particle
composition variations and the improbability that Cu-Zn-Sn-S particles would remain
stable so far from the 2:1:1:4 stoichiometry, it is possible that the mixed particles
comprise distinct binary and ternary phases together with CZTS nanocrystals.

Table 2.1 Cation ratios calculated via EDS compositional analysis for small, large, and
mixed R1 particles as well as the target values.
Sample

Cu/(Zn+Sn)
[avg. ± std. dev.]a

Zn/Sn
[avg. ± std. dev.]a

Cu/Sn
[avg. ± std. dev.]a

Small

1.06 ± 0.05

0.37 ± 0.02

1.46 ± 0.08

Large

0.64 ± 0.03

1.70 ± 0.05

1.72 ± 0.10

Mixed

0.74 ± 0.02

1.11 ± 0.04

1.57 ± 0.05

Target
0.85
1.05
1.74
EDS spectra were obtained from three different regions on samples from three separate
particle batches, allowing the use of nine values when calculating average and standard
deviation.
a
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Analysis of the nanocrystal structure by means of x-ray diffraction (XRD)
provides a means of identifying distinct crystalline phases present in each particle class.
As seen in Figure 2.2, the small particles yield insufficient XRD signal to be reliably
interpreted due to their short-range crystallinity. The relatively intense spectra for the
large and mixed particles appear nearly identical – an unsurprising observation since the
small particles do not generate much signal on their own – and match well with the
expected spectrum for tetragonal kesterite/stannite CZTS. Although the XRD spectra do
not imply the presence of binary copper or tin sulfides in any of the samples, the spectra
for tetragonal (space group I-42m) CZTS and Cu2SnS3 (CTS) and cubic (F-43m) CTS
and ZnS are difficult to distinguish due to the proximity of the peaks attributed to the
{112}, {200}, {204}, {312}, and {332} planes in the tetragonal phases and the {111},
{200}, {220}, {311}, and {331} planes in the cubic structures, respectively.128 In cases
where XRD spectra for nanocrystalline samples only exhibit the four or five most intense
reflections, such analysis does not provide sufficient evidence to confirm or refute the
presence of a combination of CZTS, CTS, and ZnS phases.
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Figure 2.2 XRD spectra for mixed, large, and small nanocrystal powders with expected
peak locations for various phases that could be present in the samples. Reprinted from
[127] with permission from Elsevier.

Combined with XRD analysis, Raman spectroscopy offers enhanced capability of
differentiating binary, ternary, and quaternary phases of Cu-Zn-Sn-S particles. Despite
the compositional differences between particle classes, the Raman spectra for small, large,
and mixed particles depicted in Figure 2.3 exhibit rather subtle variance between the
particle classes. It is important to note the peaks are very broad due to the
nanocrystalline nature of the samples.129 Peak fitting analysis has been used to aid the
interpretation of the experimental data, but we acknowledge that such subjective analysis
is an unreliable means of drawing final conclusions about the makeup of these samples,
particularly considering the breadth and overlap of the peaks. The large and mixed
particle spectra match that expected for CZTS well but indicate some CTS may also be
present in these samples.128 The measured spectrum for the small particles matches the
expected spectra for both CZTS and several phases of Cu-Sn-S, especially considering
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the relatively pronounced shoulders at 327.4 and 353.6 cm-1 corresponding to Cu3SnS4
and CTS phases, respectively.130 Thus, the Raman data suggest the Zn-poor small
particles in particular consist of CZTS and copper tin sulfides. In one possible scenario,
if the mixed particles contain Zn-free CTS, Cu- and Sn-free ZnS must also be present for
the mixed particle composition to match the target. Since ZnS responds weakly to
excitation wavelengths in the visible range, its presence or absence in these samples
cannot be confirmed by the presented data due to the use of a 633-nm laser.128 In an
alternate scenario, the mixed particles may contain grains comprising intraparticle ZnSrich regions, as has been shown for CZTS nanoparticles grown by similar recipes.107
Additionally, the presence of SnS2 and/or Sn2S3 cannot definitively be refuted
(particularly for the small particles), but Raman analysis does not detect other binary
sulfides in the samples.
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Figure 2.3 Raman spectra for mixed, large, and small nanocrystal powders with expected
peak locations for various phases that could be present in the samples. For the SnxSy
expected peaks, the solid and dashed lines represent SnS2 and Sn2S3, respectively; for
CTS, the solid and dashed lines represent the tetragonal (I-42m) and cubic (F-43m)
phases, respectively. Reprinted from [127] with permission from Elsevier.

Characterization of Selenized Films
In the device fabrication procedure, films of the mixed particles are sintered in a
tube furnace in a selenium atmosphere to form the dense CZTSSe absorber layer, similar
to a previously described technique.18,98–100 Cross sectional SEM images depicted in
Figure 2.4 elucidate qualitative differences in sintering between particle classes. All
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three samples comprise two layers – a large-grain, sintered layer atop a fine-grain layer.
However, the sintered layer morphology noticeably varies from sample to sample,
suggesting the sintering characteristics also differ for each particle class due to the
particle size and composition disparities.
The Raman spectra and select regions of the XRD spectra for selenized small,
large, and mixed particle films are displayed in Figure 2.5. The Raman spectrum for the
selenized small particle film indicates the presence of segregated CZTSe, CTSe, and
SnSe2 phases, while the large and mixed particle samples match the expected spectrum
for CZTSe.131–133 However, a shoulder at 205 cm-1 in the film selenized from large
particles corresponds to CTSe, suggesting segregated phases also exist in this sample.132
The small peaks observed in all three samples between roughly 230 and 255 cm-1 can be
attributed to CZTSe,131 CTSe,132 and/or condensed Se left from the selenization step.134
ZnSe also generates a peak near 250 cm-1, albeit weakly when using 633-nm
excitation.135
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Figure 2.4 SEM images of cross sections of selenized small (A), large (B), and mixed (C)
particle films. Reprinted from [127] with permission from Elsevier.
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Figure 2.5 Raman (A) and XRD spectra (B and C) for selenized films of mixed, large,
and small particles. XRD spectra are focused in regions where CZTSe {112} (B) and
{312}/{116} (C) reflections are expected to better illustrate the presented evidence of
phase segregation. Further details of the peak fitting analysis are provided in Appendix
A. Reprinted from [127] with permission from Elsevier.

Full width at half maximum (FWHM) considerations of the XRD data in the
region where the CZTSe {112} reflection is expected (Figure 2.5b) indicate the average
grain size is roughly 50% larger in the selenized small particle film than in its mixed
particle counterpart, since grain size is inversely proportional to the FWHM according to
the Scherrer Equation.136 Furthermore, although the large particles are several times the
size of the small particles as synthesized, the grain sizes in films selenized from the two
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particle classes are relatively similar as evidenced by the FWHM for the {112}
reflections in Figure 2.5b. The observation that the small particles convert to large grains
so readily is explained to some degree by considering that grain growth is partially driven
by the minimization of the grain surface energy, which increases as grain size decreases.
Peak fitting analysis of the XRD data for films selenized from the large and small
particles reveals the convolution of two distinct peaks in the angular region where the
CZTSe {312}/{116} reflection is expected (Figure 2.5c). For the small particle sample,
the splitting between these peaks (~0.2° 2θ) can be explained by the slight difference in
plane spacing for the {312} and {116} crystal planes; the fact that the same splitting is
not observed for the mixed particle sample is attributable to the broader peaks observed
for the this film compared to its counterpart processed from small particles. However,
the larger splitting detected for the large particle film (~0.5° 2θ) corroborates the phase
segregation observed for the Raman spectrum for the same sample. Although SnSe2 is
apparent in the Raman data for the small particle selenized film, it is not observed in the
XRD spectrum for the same sample, indicating this phase may exist in small grains or
only at the film surface. We find that neither the Raman nor XRD data present evidence
of significant phase segregation in the mixed particle selenized film, suggesting the
mixed nanocrystals convert into a relatively homogeneous film upon selenization. This
observation may indicate relatively increased mobility of different cations between
different phases at high selenization temperatures (~500 °C). Since the mixed particle
film contains overall a balanced cation stoichiometry, the high cation mobility between
different phases leads to a more uniform phase throughout the selenized film.
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Device Performance
Current-voltage characteristics of solar cells processed from these particles
according to the method reported by Guo et al35,98 are shown in Figure 2.6 with
identification R1. Devices fabricated from the small, Zn-poor and Sn-rich particles
exhibit severely nonideal diode behavior via current-voltage analysis. A hot probe
measurement on a selenized small particle film suggests the film is an n-type
semiconductor, potentially attributable to the presence of n-type SnSe2 inferred from the
Raman analysis. Thus, the absence of a p/n junction in the small-particle devices
explains the failure of these cells to achieve any power conversion efficiency. Devices
processed from large and mixed particles reach total area power conversion efficiencies
as high as 6.7% and 7.9%, respectively, without any anti-reflective coating on the top
surface. The inferior performance in devices fabricated from the large, Zn-rich particles
is manifested primarily through a reduced open-circuit voltage (Voc). Devices fabricated
from the mixed particles exhibiting an aggregate composition near the target achieve high
performance despite comprising significant interparticle compositional heterogeneity.
Similarly, devices processed from the direct selenization of mixtures of binary and
ternary Cu-Zn-Sn-S nanocrystals have been shown to reach efficiencies as high as
8.5%.96 These observations suggest that nanoscale composition fluctuations in a
microscopically uniform nanocrystal film sufficiently dissipate upon selenization to allow
the formation of a relatively homogeneous, high quality absorber layer, provided the
overall film composition matches that required for optimal device performance.
However, the presented data demonstrate that the mediocre power conversion efficiencies
in devices fabricated from Zn-rich large particles may correlate with phase segregation in
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the absorber layer of these cells. Similarly, heterogeneities might exist in the absorber
layer of mixed particle devices (albeit on too small a scale to be detected by the
measurements utilized in this work) due to incomplete or non-uniform incorporation of
small and large particles into the sintered film. In this case, future improvements in the
performance of CZTSSe devices prepared from the mixed particles would likely be
inhibited by such absorber layer non-uniformities.

Figure 2.6 Current-voltage characteristics under 1 sun AM1.5G illumination for solar
cells fabricated from small, large, and mixed particles from recipe 1, R1, and mixed
particles from recipe 2, R2. Inset: Device performance characteristics for cells from R1
and R2 large and mixed particles. Figure S2 displays both illuminated and dark currentvoltage characteristics for cells processed from R1 and R2 large and mixed particles.
Reprinted from [127] with permission from Elsevier.

In order to further investigate the effect of a composition distribution in the
nanocrystal film on device performance, solar cells were fabricated from nanocrystals
synthesized according to a modified synthesis recipe (R2) that yielded a narrower
composition distribution.18 The average atomic cation ratios in the small, large, and
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mixed particles from both R1 and R2 are plotted for comparison in a ternary diagram in
Figure 2.7. For R2, the Zn deficiency in the small particles is significantly improved
relative to R1. The R2 small particles comprise only ~10% of the mixed particles by
mass (compared to ~50% for R1); thus, the aggregate composition of R2 large particles
closely matches that of the R2 mixed particles, which does not significantly differ from
the R1 mixed particle composition. Devices fabricated from R2 large and mixed particles
exhibit improved performance compared to their respective R1 counterparts. Illuminated
current-voltage characteristics of R2 large and mixed particle solar cells achieving total
area efficiencies of 7.4% and 8.4%, respectively, without anti-reflective coating are
plotted in Figure 2.6 and denoted as R2. Because the aggregate composition of the mixed
particle nanocrystal films is the same for both R1 and R2, the increased Voc and
consequent superior efficiency in the R2 device seems to be attributable to the narrower
composition distribution in the R2 film prior to selenization. Conversely, the R2 large
particle cells fail to reach the efficiency of the R2 mixed particle devices (again due to a
reduced Voc), despite their aggregate near-target composition. Thus, the R2 mixed
particle devices appear to benefit from enhanced absorber layer formation during
selenization due to the presence of the small, Zn-poor and Sn-rich particles.
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Figure 2.7 Ternary diagram illustrating the compositional distribution between small,
large, and mixed particles for both R1 and R2. Top left: Average cation ratios for small,
large, and mixed particles from both recipes as determined by EDS. Reprinted from [127]
with permission from Elsevier.

2.4

Conclusions

The solution-based synthesis of CZTS nanocrystals according to a previously
reported recipe (R1) yielding device efficiencies as high as 7.2%35,98 has been shown to
simultaneously produce Cu- and Sn-rich particles roughly 5 nm in diameter (small
particles) and Zn-rich grains greater than 10 nm in size (large particles). Despite
comprising a broad compositional distribution, the aggregate composition of the naturally
formed mixture of large and small particles roughly matches the target composition based
on the relative amounts of precursors used in the synthesis reaction. Energy-dispersive xray spectroscopy (EDS), x-ray diffraction (XRD) analysis, and Raman spectroscopy
combined indicate the mixed particles likely consist of distinct CZTS, CTS, and ZnS
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phases. However, clear evidence of binary copper, zinc, and tin sulfides was not
observed in the nanocrystal samples.
This study highlights the challenge in synthesizing nanoparticles with interparticle
composition uniformity for quaternary species such as CZTS. The observed
heterogeneity is not detected without separating the particles by size and is likely due to
competing rates of formation, nucleation, and growth of various binary and ternary
species that are likely to be formed during the synthesis reaction. A detailed
understanding of these competing steps is needed to carefully control the composition of
the resulting quaternary nanoparticles.
Upon selenization, the R1 small and large particles convert to different phases.
Raman spectroscopy reveals that the selenized Zn-poor small particle film consists of
segregated CZTSe, CTSe, and likely SnSe2 phases, while both the Zn-rich large particles
and a mixture of the large and small particles with a near-target aggregate composition
convert primarily to CZTSe. XRD analysis of the selenized films indicates phase
segregation in both the small and large particle samples but suggests the mixed particle
film comprises a relatively homogeneous structure. FWHM considerations of the XRD
data for the selenized films demonstrate that the increase in grain size upon selenization
is greater in the small particle film than in the mixed and large particle films.
Solar cells fabricated from the three R1 particle classes exhibit varying degrees of
performance. Small particle devices fail to achieve any power conversion efficiency,
likely due to the apparent n-type nature of the selenized small particle film. Large
particle devices perform moderately well but suffer from low Voc compared to devices
processed from the mixed particles, which achieve efficiencies as high as 7.9%.
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A modified CZTS nanoparticle synthesis recipe (R2) produces particles exhibiting
improved compositional uniformity upon size-separation.18 Since the Zn-poor small
particles from R2 only comprise a small percentage of the naturally formed particle
mixture by weight, the R2 large and mixed particles exhibit nearly identical composition,
which roughly matches the target composition. Solar cells processed from the R2 mixed
particles achieve a champion efficiency of 8.4%, primarily benefitting from improved Voc
compared to their R1 counterparts containing a broader composition distribution in the
pre-selenization nanocrystal film. Solar cells fabricated from R2 large particles
outperform R1 large particle devices, likely due to the severely Zn-rich composition of
R1 large particles. However, despite comprising a more uniform composition
distribution than the R2 mixed particles and nearly matching the target composition, R2
large particle devices perform inferior to cells fabricated from mixed particles from either
recipe, again due to a reduced Voc. In fact, for both synthesis recipes, inclusion of the
small particles in the nanocrystal film during device fabrication leads to increased Voc
compared to devices fabricated from large particles alone, regardless of whether the large
particle composition is near or far from the target composition. This result suggests the
presence of the Zn-poor small particles may play an important role in the selenization of
the mixed particle nanocrystal films and, thus, formation of the p-type CZTSSe absorber
layer.
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CHAPTER 3. THE ROLE OF INTERPARTICLE HETEROGENEITIES IN THE
SELENIZATION PATHWAY OF CU-ZN-SN-S NANOCRYSTAL FILMS: A
REAL-TIME STUDY

3.1

Introduction

The finding in Chapter 1 that including the R2 small, Cu- and Sn-rich particles in
the coated nanoparticle film prior to selenization led to better power conversion
efficiencies than in the case of solely utilizing the R2 large particles with the desired
composition is indeed surprising; the benefit of including particles with a composition
that deviates from the target for optimal CZTSSe device performance is initially unclear.
Therefore, elucidation of the insufficiently understood selenization mechanism is
essential to enable directed improvements in CZTSSe thin film solar cells and, ultimately,
commercialization of this promising technology. Previous research investigated the
selenization mechanism in films of the mixed R1 CZTS nanoparticles described in
Chapter 1 via real-time energy-dispersive x-ray diffraction (EDXRD) and identified the
growth mechanism through the various phases that grow and recede throughout the
process;137 in this work, it was hypothesized that the samples contained small particles
undetected by diffraction in the nanoparticle film that actively participate in the
selenization process. This hypothesis is corroborated by the detailed investigation of the
particles comprising the nanoparticle ink presented in Chapter 2.127 The EDXRD
experiments conducted in [137] identified a transition through intermediate copper
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selenide phases during the growth of the quaternary CZTSe grains, which was proposed
to be beneficial for the formation of a large-grain morphology; however, the origin of the
copper selenide was unclear, as its diffraction signal appeared abruptly without noticeable
change in the signals from the nanoparticles in the precursor film.137 The differences
observed in the large and small particles are hypothesized to influence the various phases
of growth observed in real-time EDXRD data of the unseparated (mixed) particles.
In this chapter, the individual roles of the small and large R1 particles in the
selenization mechanism are studied via real-time EDXRD measurements. The results
presented provide evidence that the Cu- and Sn-rich small particles are primarily
responsible for the formation of the copper selenide intermediates, which in turn initiate
the growth of Cu-Sn-Se grains greater in size than the so-termed large precursor particles.
Subsequently, the Zn-rich large particles contribute their composition to the growing
grains to form a dense film of micrometer-sized CZTSSe grains. This chapter is largely
reproduced from [138] by permission of The Royal Society of Chemistry.
3.2

Experimental Methods

Nanoparticle films consisting of large, small, or mixed particles coated on Mocoated soda-lime glass (SLG) and a ceramic crucible containing ~160 mg Se pellets are
simultaneously heated in a sealed, evacuated graphite cylinder inside a stainless steel,
dual-purpose rapid thermal processing (RTP) furnace and vacuum chamber. The inside
of the graphite cylinder is lined with a pyrolytic layer to minimize the diffusion of Se
vapor through the walls, and the bottom and top panels of the cylinder are quartz
windows sealed to the cylinder with graphite gaskets and threaded fittings. A hole in the
side of the cylinder is left open during evacuation of the vacuum chamber; once a base
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pressure of roughly 10-4 mbar is reached, a motorized plug is remotely engaged in order
to seal the hole. The RTP furnace consists of eight halogen lamps, four above and four
below the graphite cylinder, with a combined maximum power of 4 kW. During the realtime EDXRD measurements, a polychromatic beam of hard x-rays produced by the
EDDI beamline of the BESSY II synchrotron facility is diffracted by the film inside the
graphite cylinder and detected by an energy-dispersive Ge detector.139,140 The
temperature throughout the process is measured and controlled by a thermocouple
positioned about 5 mm above the sample surface. Due to the heating up of the sample
substrate and its consequent expansion, the alignment between the incident x-ray beam
and the sample surface is maintained by controlling the vertical position of the vacuum
chamber with a software feedback loop designed to maximize and preserve the
fluorescence intensities in real-time throughout the process. Real-time EDXRD data are
obtained during the selenization process using two different temperature ramp profiles – a
“fast ramp” (125 K/min. from 50 °C to 500 °C, then hold 500 °C for 20 min.) and a “slow
ramp” (2.9 K/min. from 200 °C to 550 °C). The slow ramp was preceded by a quicker
heating to 200 °C (at ~17.5 K/min.) since no reaction is detected below this temperature.
The real-time EDXRD experiment follows work reported in [137]. Further description of
the nanoparticle synthesis, size-separation, and characterization is provided in Chapter 2.
3.3

Results and Discussion
Fast Heating

The EDXRD data in Figure 3.1 show a subsection of the recorded energy and
time range collected during the fast ramp selenization of large, mixed, and small particle
films. Even before the heating process starts (process time 0 to 2 min.), the data show a
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striking difference between the three types of samples: Whereas the large and mixed
particles initially show a broad peak (denoted as Σ1) near the photon energy expected for
the CZTS 112 reflection (Figure 3.1a,b), this peak is absent in the case of the small
particles (Figure 3.1c). Thus, Σ1 results exclusively from the large, Zn-rich particles.
This observation can be attributed to a severe difference in the crystallinity of the large
and small particles.127

Figure 3.1 Left: Subsection of the fast ramp EDXRD data for (a) large, (b) mixed, and (c)
small nanoparticle films showing the occurrence of Σ1 (at the expected position of CZTS),
Σ2 (at the expected position of CZTSe), and Cu2-δSe diffraction peaks in the film. Peak
assignments were made based on data from the ICDD database (CZTS: card 026-0575;
CZTSe: 070-8930; Cu2-δSe: 073-2712). See Appendix B for full data range. The top part
of the figure shows the temperature profile measured by a thermocouple placed roughly 5
mm above the sample surface. Right: Evolution of integrated peak intensities for fast
heating of (d) large, (e) mixed, and (f) small particle films. Reproduced from [138] by
permission of The Royal Society of Chemistry.
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Despite this difference of the nanoparticles in the precursor films, the subsequent
phase formation during fast heating is, at a first glance, qualitatively similar for all three
precursor types: Between roughly 300 and 450 °C, additional peaks are first observed for
all three samples at ~34.3 and ~34.7 keV, corresponding to Cu2-δSe 111 and the expected
photon energy for the CZTSe 112 reflection, respectively. (Note that, due to the use of
sulfide nanoparticle precursor films, the selenized films typically contain up to ~10%
residual S compared to the total amount of S+Se; however, abbreviations for such
sulfoselenide phases used hereafter generally reflect pure selenide composition for
simplicity.) Due to the similar crystal structure of ZnSe and Cu2SnSe3 (CTSe) with
CZTSe,141–143 the primary peak generated near 34.7 keV is denoted as Σ2 to acknowledge
the possibility that the peak could arise from any of these three phases. (The same holds
for the corresponding sulfide phases and the resulting peak near 36.6 keV denoted by
Σ1.128) However, since the peak near 22.4 keV corresponds to the 101 planes in
tetragonal CZTSe,127,137,144 we attribute Σ2 primarily to CZTSe grains once the CZTSe
101 signal is detected. During the appearance of Cu2-δSe and Σ2, the broad Σ1 peak of
the large and mixed particle samples shifts towards the position of Σ2. This shift can be
explained by an increase of the Se/S ratio in the large particles asymptotically to a Se
concentration close to Se/(Se+S)=1.
For all three samples, the relatively brief appearance of the Cu2-δSe peak coincides
with the initial growth of Σ2. However, the intensities of the Cu2-δSe signal
conspicuously vary, with the small particles showing the strongest Cu2-δSe signal, the
large particles the weakest, and the mixed particles an intermediate Cu2-δSe signal
intensity. Qualitatively this variation of the maximum Cu2-δSe intensities correlates with
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the Cu/(Zn+Sn) ratio of the particles in the precursors (see Table 2.1). However, a
comparison of the quantitative Cu2-δSe integrated intensities with the integral Cu amount
in the precursors shows that the differences in the Cu content alone cannot explain the
strong differences in the Cu2-δSe peak intensities; the maximum Cu2-δSe integrated
intensities for large:mixed:small precursor films (Figure 3.1d-f) are ~1:3:5 while the
integral Cu amounts in the precursors are 1.0:1:12:1:05. Here, the integral Cu amount for
each sample is determined by multiplying the Cu/Sn ratio in Table 2.1 with the integrated
intensity of the Sn-Kα fluorescence signal near 25 keV in the fast ramp EDXRD spectra
at the beginning of the process: 5.74, 7.35, and 7.09 (in arbitrary units) for the large,
mixed, and small samples, respectively. In other words, CuSe formation is suppressed
with increasing presence of Zn in the film despite an overall greater amount of Cu present.
Moreover, in all three samples, Cu2-δSe forms rather than CTSe despite an overall Cupoor composition with regard to Sn (i.e. Cu/Sn < 2, see Table 2.1); independent from the
Zn/Sn ratio, in thermodynamic equilibrium Cu-Se formation would only be expected if
Cu/Sn > 2.145,146 Despite an initial Cu-poor composition, during the selenization process
the composition could, in principle, exceed Cu/Sn > 2 due to loss of Sn in the form of
SnS or SnSe.109,126 However, in such a case, Cu2-δSe would be expected to be detected
throughout the remainder of the process, since insufficient Sn would be available to fully
convert Cu2-δSe into CZTSe or CTSe.
We conclude that kinetic mechanisms are responsible for the Cu2-δSe formation
and that they are strongly influenced by the presence of the small particles. In our
proposed mechanism, the small particles break down or melt during heating due to their
off-target stoichiometry and diminutive size (resulting in a high surface energy).147 The
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Se at the film surface quickly reacts with the loosely bound Cu to form Cu2-δSe; it should
be noted here that a high reactivity of Cu with Se could serve as an additional
contributing factor to the disintegration of small particles. The reaction of Cu with Se at
the film surface incurs a Cu chemical potential gradient in the film, driving Cu diffusion
toward the surface; indeed, we have previously found a Cu enrichment of the surface
shortly after the presence of Cu2-δSe.137 In contrast to a reaction within the bulk of the
nanoparticle film, grains at the surface have enough space to grow to large sizes, which is
energetically preferred due to lower surface energies. The growth of Cu-Se intermediates
at the film surface has similarly been observed during the formation of CZTSSe148 and
CIGSe149 absorber films from metallic precursors. In these cases and others,137,150–152 the
presence or formation of Cu-Se grains has been proposed to enhance the growth of largegrain CZTSSe and CIGSe, and investigations into the synthesis mechanism of CZTS and
CuIn(S,Se)2 (CISSe) nanoparticles in solution have reported copper sulfide or selenide
intermediates as seed phases from which CZTS and CISSe grow.43,153–157 These
phenomena have been attributed to a high reactivity of Cu with chalcogen (compared to
Sn and Zn with chalcogen) as well as a high mobility of Cu ions, which enables Cu to
easily diffuse to the reaction front, and thus are in good agreement with our proposed
mechanism. The observation from Figure 3.1 that Cu2-δSe formation correlates with the
amount of small particles in the nanoparticle film indicates that the release of Cu from the
small particles plays a crucial role in the intermediate Cu2-δSe formation.
Slow Heating
While the fast heating process mimics the selenization conditions used during the
standard absorber formation process in device fabrication,18,98,99 the rapid dynamics of the
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reaction under these conditions obscure subtle but informative details of the selenization
mechanism. Thus, EDXRD data were recorded during slow heating for the large, mixed,
and small particle films (Figure 3.2) in order to investigate the selenization mechanism in
more detail, with special attention to the correlation between the copper selenide
intermediates and the evolution of Σ2 – and ultimately the formation of CZTSSe.
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Figure 3.2 Left: Subsection of the slow ramp EDXRD data for (a) large, (b) mixed, and (c)
small particle films showing the occurrence of Σ1, Σ2, CuSe, and Cu2-δSe diffraction
peaks in the film. Peak assignments for CuSe were made based on ICDD card 086-1240).
See Appendix B for full data range. Right: Evolution of integrated peak intensities for
slow heating of (d) large, (e) mixed, and (f) small particle films. Bottom: (g) Minimum
crystallite size (D/k) as described in Ref. 13 estimated using the most intense peak in
each sample for CuSe (i.e. 006 planes for large and mixed particle films, 102 planes for
small precursor film) during slow heating. Reproduced from [138] by permission of The
Royal Society of Chemistry.
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During slow heating, peaks corresponding to the 102 and 006 planes in hexagonal
CuSe158,159 are observed for all three samples between ~225 and ~350 °C. A third peak
attributed to the 101 planes in hexagonal CuSe is observed when slow heating the small
particle sample within the same temperature range (Figure 3.2c). Note that the
observation of CuSe peaks in all three samples contrasts with the inference of Cu2-δSe
formed during fast heating. In Figure 3.2a-f, the relative intensity of the CuSe peaks
from the 102 and 006 crystal planes is different for the small particle sample than for the
large and mixed precursor films, indicating the CuSe grains grow with a preferred texture
in the absence of the large, Zn-rich particles based on the expected relative peak
intensities for hexagonal CuSe.158,159 In the small particle sample, CuSe quickly vanishes
near 350 °C while a strong Cu2-δSe signal appears (Figure 3.2c), suggesting CuSe
undergoes a transition to Cu2-δSe wherein Cu is reduced and Se is liberated from the
crystal lattice; this transition has similarly been observed for co-evaporated Cu-Se films
(albeit at a slightly higher temperature of 377 °C), in which the liberated Se manifests as
a liquid phase.159 Markedly, the first appearance of Σ2 in the small particle film
coincides with this copper selenide phase transition. It is also worthwhile to note the
transition from CuSe to Cu2-δSe is not observed in the mixed or large particle films
(Figure 3.2a,b). Instead, in these cases Σ2 forms at lower temperatures (around 320 °C;
see Figure 3.2d,e) during the decrease of the CuSe signal. The absence of CuSe in the
fast ramp EDXRD data may be attributable to the temperature ramp rate: By the time a
detectable amount of copper selenide forms, the temperature has surpassed the threshold
at 350 °C where CuSe converts to Cu2-δSe. The suppression of CuSe formation in the
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fast heating process can also be supported by a delay of Se evaporation due to slower Se
heating relative to substrate heating.
The slow heating EDXRD data show that the CuSe peaks occurring during
selenization of the small particle sample exhibit reduced peak broadening compared to
the large and mixed particle samples. The minimum average crystallite size calculated
from the peak broadening reaches values above 200 nm for the small particle precursor
film, while that for the large and mixed precursor films ranges between 150 and 175 nm
throughout the process (Figure 3.2g). This observation supports the assertion that the
presence of the small particles in the precursor film enhances the growth of large Cu-Se
grains.
Role of Interparticle Heterogeneities in the Selenization Pathway
The EDXRD data presented in Figures 3.1 and 3.2 lead to three key observations
regarding the roles of the interparticle heterogeneities during the selenization process:
First, since Σ1 is not observed for the small particle sample (Figures 3.1c,f, 3.2c,f),
any behavior of this signal corresponds to phenomena solely affecting the large, Zn-rich
particles. Thus, the gradual shift of Σ1 from the CZTS 112 position early in the process
to the CZTSe 112 position by the end of the process indicates the substitution of S with
Se in the large particles.
Second, the positive correlation between the signal intensities from copper
selenide intermediates and the proportion of small particles in each sample – particularly
during fast heating (Figure 3.1d-f) – suggests that the copper selenide formation primarily
results from the small particles. Due to the Cu-rich nature of the small particles, it
follows that the formation of Cu-containing intermediates could be primarily attributed to
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the release of Cu from these particles. However, even if both the large and small
particles comprised similar composition near the target for CZTSSe absorbers, the high
surface energy of the small particles due to their size would be expected to result in
relative instability of these particles compared to their larger counterparts, which in turn
might cause the smaller particles to more readily release Cu for its reaction with Se.
The third key observation from the real-time EDXRD measurements is the
concurrence of the initial detection of Σ2 with the behavior in the signals from the copper
selenide intermediates. For the small particles during slow heating, the rise of Σ2
coincides with the CuSe-to-Cu2-δSe transition (Figure 3.2f), while in all other cases
(Figures 3.1d-f, 3.2d,e) the rise of Σ2 coincides with a fast drop in signal intensity of CuSe. This observation suggests the copper selenide intermediates contribute to the
nucleation and early growth of the phase generating Σ2, which ultimately becomes the
desired CZTSSe. Furthermore, the initial growth rate of Σ2 for the small and mixed
particle films, which show higher Cu-Se signal intensities, is greater than that in the large
particle samples independent of the heating rate. Thus, the presence of small particles
and/or the copper selenide intermediates seem to facilitate the growth of the phase
generating Σ2, namely CTSe or CZTSe. For the cases of slow heating large and mixed
particle films, CuSe is consumed for the formation of Σ2 before the temperature of the
CuSe to Cu2-δSe transition is reached, since the early appearance of Σ2 coincides with the
decline in the CuSe signal (Figure 3.2d,e). We propose that the CuSe grains in the large
and mixed films react with Sn at a temperature lower than the CuSe-to-Cu2-δSe transition
– potentially due to their smaller size in these films compared to the small particle film –
resulting in the earlier formation of Σ2 compared to the small particle film.
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These observations provide details which allow modification of the mixedparticle selenization pathway proposed in [137] to account for the roles of the
interparticle heterogeneities characterized in Chapter 2. Each of the following steps in
the pathway corresponds to the commonly numbered step depicted in Figure 3.3:
1.

Growth of Cu-Se grains at the top surface of the film via release and diffusion of Cu
from small particles and its reaction with Se.

2.

Reaction of residual Sn from small particles with Cu-Se to form CTSe; concurrently,
substitution of S with Se in large, Zn-rich particles.

3.

Reaction of CTSe with selenized Zn-rich grains to form CZTSe, and progression of
CZTSe grain growth downward through the film.

4.

Given the proper overall film composition (i.e. near-target) and sufficient cation
diffusion, the complete incorporation of cations into a relatively homogeneous film
comprising quaternary CZTSe grains.
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Figure 3.3 Schematic process pathway (top) and diagram (bottom) of the proposed
selenization pathway accounting for the roles of interparticle heterogeneities. In the
schematic process pathway, the bold and underlined elements represent those which
represent the majority alloy consitutent(s) for the small and large nanocrystals (along the
top and bottom rows of the pathway, respectively) and their resultant phases throughout
the process. Note that “Sn-Zn-Se” refers to coexisting selenides of Sn and Zn rather than
a ternary SnxZnySez phase, since no such compound is known to be stable. Additionally,
the phases in the process pathway are color-coded with their corresponding phases in the
diagram – red: small, sulfide nanocrystal precursors; blue: large, sulfide nanocrystal
precursors; orange: Cu-Se grains that initially form at the top of the film surface; green:
selenized large precursor grains; purple: Cu-Sn-Se grains that result from Sn
incorporating into Cu-Se; and black: micrometer-sized CZTSe grains. Reproduced from
[138] by permission of The Royal Society of Chemistry.

The generally observed delay between the first appearances of ∑2 and the CZTSe
101 reflection in Figure 3.3 indicates the genesis of ∑2 corresponds to the growth of large
CTSe grains before they react with Zn to form micron-sized CZTSe, especially in the
large and mixed particle films where this delay is prominent.137 It should be noted that
the minimum grain size which produces a detectable signal is smaller for the 112 planes
than for the 101 planes due to the low relative intensity expected for the CZTSe 101
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reflection compared to the 112 signal. Thus, some delay is anticipated between the
appearances of these two signals during the initial grain growth period. In the large
particle films, once Zn has reacted with the CTSe phase to the fullest extent (i.e. all CTSe
has been consumed for the formation of CZTSe with near-target stoichiometry), the
excess Zn would be expected to react with selenium and form ZnSe. Indeed, SEM-EDS
composition maps of a cross section of the large particle film illustrate Zn-rich regions
that correspond to segregated ZnSe in the film (Figure 3.4a). Additionally, XRD studies
of the selenized films in Chapter 1 identified a significant segregated phase in the large
particle film, but Raman data showed rather small signals corresponding to CTSe and
ZnSe; however, since the Raman measurement used a relatively low-energy excitation
laser (633 nm) to which ZnSe responds weakly,127,135 the segregated phase is most likely
ZnSe. While segregated ZnSe is absent from the selenized mixed particle film, an
appreciable amount of Zn is detected in the fine-grain layer beneath the large grains in
the mixed particle sample (Figure 3.4c). This observation is consistent with the proposed
selenization pathway in the scenario where the selenization is not allowed to proceed to
completion, and both a reduction in the fine-grain layer thickness and improved device
performance have been achieved in part by extending the selenization time.18 For the
small particle film (Figure 3.4b), the absence of cations in the fine-grain layer and the
uniform cation distribution in the large-grain layer suggest the composition of the small
particles falls near the range of a solid solution of SnSe2, CZTSe, and CTSe.146 Notably,
Raman analysis of selenized small particle films detected some amount of SnSe2 in the
samples.127 Therefore, it is also possible that excess Sn in the small particles leaves the
film as volatile SnSe2 and evaporates during selenization, thus allowing the material to
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manifest a more stable alloy/solid solution composition. Despite the differences in the
compositional maps for each sample in Figure 3.4, all such data are consistent with the
proposed selenization pathway.

Figure 3.4 SEM-EDS compositional maps for cross sections of (a) large, (b) mixed, and
(c) small precursor films after fast heating. The horizontal dashed lines represent the
interface between the large-grain and fine-grain layers. The circles on the Cu, Zn, and Sn
maps of the selenized large particle film demonstrated a segregated Zn-rich region.
Reproduced from [138] by permission of The Royal Society of Chemistry.
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3.4

Making a Case for a Liquid Se Assisted Selenization Mechanism

A liquid Se phase has been reported to assist in the formation of CISe and CZTSe
films via selenization,160 and it is possible that the same is true here. The temperatures at
which Cu, Sn, and Zn become soluble in liquid Se according to the Cu-Se, Sn-Se, and
Zn-Se phase diagrams roughly correspond to the temperatures at which CuSe, CTSe, and
CZTSe, respectively, are first detected in the EDXRD data under slow heating.159,161–163
Additionally, various copper selenide phases have also been observed to exist in
equilibrium with liquid Se in conditions similar to those in the experiments reported
herein.159 In our nanoparticle films, a slightly lower chemical potential in the pores
between the nanoparticles compared to at the particle surfaces could invite the
condensation of a liquid Se phase. In this scenario, as Cu, Sn, and Zn begin to dissolve in
liquid Se, this phase could act as a medium allowing the rapid diffusion of cations to the
reaction front in the film, giving rise to the order of cation incorporation into the growing
grains. Additionally, a liquid Se-assisted mechanism might also explain the
accumulation of Cu2-δSe in the fast heating experiments due the low solubility of Sn and
Zn compared to Cu in liquid Se; in such a case, the delayed solvation of first Sn and then
Zn would limit the rate at which Cu2-δSe is consumed. The observed planar interface
between the large- and fine-grain layers as well as the C- and Se-rich composition in the
fine-grain layer in Figure 3.5 could also arise from liquid Se-assisted grain growth. If
liquid Se condenses on the film, Cu would begin to dissolve, and solid copper selenide
crystallites would precipitate from the liquid phase. As the temperature increased, so
would the solubilities of Sn and Zn in the liquid Se, and these elements would begin to
incorporate in/react with the copper selenide precipitates. During this process, the
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nanoparticle film would quickly wick the liquid Se throughout due to capillary action.
Since copper selenides first precipitate at the surface of the film, the growth of large
grains would begin at the surface but proceed downward through the film in a planar
front due to the relatively spatially uniform distribution of cations in the precursor
nanoparticles and liquid Se alike. Some carbonaceous ligand material would escape via
evaporation, but the remainder would collect at the bottom of the film with excess,
unreacted Se. Thus, once the sample cools at the end of the process, the large CZTSe
grains would sit atop a solidified fine-grain layer of primarily C and Se. Indeed, this
hypothetical end state agrees very well with experimental observation.
3.5

Conclusions

Real-time EDXRD analysis has been utilized to investigate the selenization
mechanism of the three Cu-Zn-Sn-S nanoparticle populations described in Chapter 1.
Upon selenization, the small, Cu- and Sn-rich nanoparticles lead to the formation of
copper selenide intermediates, which in turn initiate the growth of grains that ultimately
become the desired quaternary CZTSe. We therefore conclude that including the small
particles in the nanoparticle precursor film strongly influences the selenization
mechanism and, in turn, CZTSe absorber formation. While the large particles do not
appear to contribute to the formation of copper selenide, they support the growth of
CZTSe grains as a cation source over time. These results help clarify and expand upon
our previous finding that including the small particles in the nanoparticle films prior to
selenization leads to improved solar cell efficiencies for two different nanoparticle
synthesis recipes, notably even when the large particles exhibit a slightly Cu-poor, Znrich composition close to the target.127 Providing a pathway for forming dense, phase-
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pure films of large grains, the details of the CZTSSe grain growth mechanism presented
herein greatly benefit ongoing efforts to improve the quality of CZTSSe absorbers and
solar cell efficiencies.
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CHAPTER 4. GENERALIZED ANALYSIS OF NON-IDEAL SOLAR CELLS: THE
CASE OF POTENTIAL FLUCTUATIONS IN CU2ZNSN(S,SE)4

4.1

Introduction

Crystalline Si has provided precedent for much of the development of novel PV
materials that have followed. While the expertise generated through the advancement of
c-Si device fabrication and characterization techniques has in many ways guided the
progress of younger technologies such as CIGSSe and CZTSSe, each novel photovoltaic
material manifests its own unique challenges that must be surmounted in order to achieve
high power conversion efficiencies. In particular, the electrical characterization
techniques and corresponding models developed for c-Si devices benefit from the highly
ideal nature of these cells, which justifies simplifying assumptions when deriving device
models from first principles and performing the measurement alike. Conversely, the
added complexity of polycrystalline, thin film CIGSSe and especially CZTSSe due to a
higher propensity for defect formation and non-uniformity throughout the absorber as
well as the reduced physical dimensions of the crystalline domains invalidates some of
these assumptions. Without modifying the models and techniques used to characterize
such non-ideal devices, the direct application of methods developed for c-Si solar cells to
CIGSSe and particularly CZTSSe devices is unsound and often leads to erroneous
interpretation of the experimental data.
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This chapter first compares CIGSSe and CZTSSe solar cells using conventional
temperature-dependent current-voltage (IVT) and voltage-dependent external quantum
efficiency (EQE) analysis. The solar cells under test achieve total area (0.47 cm2) power
conversion efficiencies greater than 14% and 9% for CIGSSe and CZTSSe, respectively.
The devices are similarly processed from nanocrystal inks in order to best compare the
nature of the absorber materials for a given device structure and fabrication method.
While the CIGSSe cells exhibits some non-ideal characteristics, we find that it generally
adheres to conventional models. Conversely, the CZTSSe characteristics deviate
markedly from ideal behavior. As a result, we develop and apply new optoelectronic
device models to account for the non-ideal features of the CZTSSe cells. In doing so, we
identify spatial, nanoscale potential fluctuations (caused by high defect densities in the
crystalline grains) as well as micron-scale band gap gradients (due to spatial variations in
alloy – such as S/Se – compositions) as the primary factor responsible for the non-ideal
behavior of CZTSSe cells and, more importantly, the low voltages these devices generate.
(Section 4.3.1 is largely reprinted from [164] with permission from IEEE.)
4.2

Experimental Methods

The solar cells studied in this work were fabricated according to procedures
reported in Chapter 2 and elsewhere,18,98,99,127 using a standard device structure of
SLG/Mo (800nm)/absorber (650-1000 nm)/CdS (30-50 nm)/ZnO (80 nm)/ITO (220 nm).
Temperature-dependent current-voltage (IVT) characteristics were collected using a Lake
Shore TTPX cryogenic probe station and a Newport 300-W Xe arc lamp with neutral
density and AM1.5 filters as the source of illumination. Current-voltage (IV) sweeps
were performed with a Keithley 2400 series SourceMeter using the 4-point probe
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measurement technique. External quantum efficiency (EQE) data was collected using a
home-built apparatus comprising a Newport 300 W Xe arc lamp source, Oriel
Cornerstone monochromator, Stanford Research Systems current preamplifier (model
SR570), and Stanford SR830 lock-in voltage amplifier coupled to a Stanford SR540
chopper controller set to 157 Hz to isolate the AC EQE response from the DC
background signal. For voltage-biased EQE measurements, the current preamplifier was
used to source each bias. Time-resolved photoluminescence (TRPL) minority carrier
lifetime measurements were performed on the completed device using a Horiba/JobinYvon Fluorolog-3 spectrofluorometer with a 637 nm NanoLED excitation source and a
Hamamatsu NIR PMT detector module. Reflectance spectra were collected using a
PerkinElmer Lambda950 UV-VIS-NIR spectrophotomer with an integrating sphere.
4.3

Results and Discussion

Conventional Temperature-Dependent Current-Voltage Analysis
Room-temperature IV characteristics for CIGSSe and CZTSSe devices achieving
efficiencies of 14.2% and 9.0%, respectively, with MgF2 anti-reflective coating are
depicted in Figure 4.1. These data demonstrate that the CIGSSe device benefits from a
higher open-circuit voltage (Voc) and fill factor (FF), with only a small sacrifice in the
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short-circuit current density (Jsc) corresponding to a higher band gap (Eg) in CIGSSe for x
≈ 0.3 (~1.2 eV for CIGSSe165 compared to ~1.1 eV for CZTSSe fabricated using this
process99). The measured Voc deficit (Eg/q–Voc) at room temperature is less for CIGSSe
(~0.59 V) than for CZTSSe (~0.70 V). This observation has also been reported in
literature.166

Figure 4.1 Room-temperature IV characteristics of CIGSSe and CZTSSe solar cells
similarly processed from nanocrystal inks. Reprinted from [164] with permission from
IEEE.

The IVT characteristics (displayed in Appendix C) were obtained in the dark for
CIGSSe and CZTSSe cells without the MgF2 coating and exhibiting comparable
performance to the devices in Figure 4.1 prior to deposition of MgF2. The temperature
dependence of the saturation current density (Jo) and ideality factor (n) – calculated from
the dark IVT data according to Sites’ method124 – are analyzed in the following sections.
Low measured current at temperatures below 150 K inhibits the ability to obtain reliable
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fits to the data and thus values of Jo and n. The temperature dependence of the opencircuit voltage measured at each temperature under 1 sun AM1.5 illumination is also
considered in this section.
4.3.1.1 Ideality Factor
The CIGSSe and CZTSSe ideality factors are both found to be temperaturedependent (Figure 4.2). However, while n remains within the theoretically expected
range of 1 to 2 for CIGSSe over nearly the full temperature range, n for CZTSSe diverges
above the expected values below 300 K. The observed temperature dependence of n can
be indicative of tunneling-enhanced recombination either in the bulk of the absorber or at
the interface between the absorber and buffer layers.167
In the case of tunneling-enhanced recombination due to a distribution of bulk
recombination centers, the temperature dependence of n is expected to follow
1 1
T
E002 
= 1 + * −
2 
n 2  T
3 ( kT ) 

(4.1)

where k is the Boltzmann constant, E00 is the characteristic tunneling energy, and E* =
kT* is the characteristic energy of the distribution.167
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Figure 4.2 Ideality factor as a function of temperature for CIGSSe and CZTSSe solar
cells. Reprinted from [164] with permission from IEEE.

However, tunneling-enhanced recombination at the absorber/buffer layer interface
yields a temperature dependence of n according to167

n=

E00
E 
coth  00 
kT
 kT 

(4.2)

Numerical fits to the n-vs.-T data for the tested devices are plotted according to
Equation (1) and (2) in Figure 4.3. Both models fit the measured data at least reasonably
well for both materials (R2 > 0.87), preventing the conclusive determination of the
dominant recombination mechanism in either device from the temperature dependence of
the ideality factor. Regardless, because the ideality factor remains between 1 and 2 for
CIGSSe over nearly the entire temperature range studied, any effects of tunnelingenhanced recombination in this device are not expected to represent significant
limitations to the CIGSSe cell performance. Conversely, since the ideality factor for the
CZTSSe device increases above 2 just below room temperature and reaches even higher
values at lower temperatures, the fundamental cause of such non-ideal behavior likely
contributes substantially to the inferior performance of the CZTSSe cell.
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Figure 4.3 Measured CIGSSe and CZTSSe n-vs.-T data and fitted curves for tunnelingenhanced interface (top) and bulk (bottom) recombination models. Reprinted from [164]
with permission from IEEE.

4.3.1.2 Saturation Current Density
The temperature dependence of Jo can be modeled by

 −E 
J o = J oo exp  A 
 nkT 

(4.3)

where EA is the diode current activation energy and the Joo prefactor typically has a low
temperature dependence.167 Rearranging Equation (5.3) yields
 J 
E
ln  o  = − A
nkT
 J oo 

(4.4)
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If n and EA are both temperature independent, a Richardson plot of ln(Jo) vs. 1/kT
for an arbitrary value of Joo produces a line whose slope is -EA/n.167 However, since n is
a function of temperature for both tested cells, a modified Richardson plot of n*ln(Jo) vs.
1/kT is necessary to observe a linear trend and appropriately determine EA (Figure 4.4).
The values for EA calculated from the slopes of the data in the modified Richardson plot
are ~1.15 and ~1.07 eV for CIGSSe and CZTSSe, respectively. Both values are similar
to the respective estimated absorber layer band gaps. While values for EA < Eg would
indicate interface recombination as the dominant mechanism due to Fermi-level pinning
or band gap narrowing at the interface, the measured values of EA ≈ Eg from the
temperature dependence of Jo do not conclusively distinguish between the two
recombination mechanisms. Due to the expected Type I band alignment between CdS
and CZTSSe (i.e. EC,CdS > EC,CZTSSe and EV,CdS < EV,CZTSSe), the interface band gap equals
the bulk CZTSSe band gap in the absence of Fermi-level pinning or band gap narrowing
at the interface due to interface defects, so the measured recombination activation energy
EA should be close to the CZTSSe band gap in the cases of both interface and bulk
dominant recombination.
If Equation 5.4 is valid for these devices, then a plot of ln(Jo)-vs.-1/nkT should
also yield a straight line with a slope of -EA. As seen in Figure 4.4, while such a plot
yields a nearly straight line for CIGSSe, the data for the CZTSSe device does not behave
accordingly. This observation indicates that there must be another temperature
dependence in the device that is not captured by the model but is masked in the modified
Richardson plot; this assertion will be discussed in detail in Section 5.3.3.
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Figure 4.4 Modified Richardson plot yielding linear n*ln(Jo)-vs.-T data for both devices.
The temperature range is 150 to 350 K. Reprinted from [164] with permission from
IEEE.

Figure 4.5 Plot of ln(Jo) vs. 1/(nkT) for CIGSSe and CZTSSe solar cells,
demonstrating more or less ideal (linear) behavior of CIGSSe but non-ideal
characteristics of CZTSSe.

4.3.1.3 Open-Circuit Voltage
If superposition applies, then Voc is given by
VOC ≡


nkT  J SC
ln 
+ 1
q
 Jo


(4.5)
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where q is the elementary charge.167 Substituting (5.3) into (5.5) gives a linear ideal
temperature dependence of Voc, according to Equation 5.6.
=
VOC

E A nkT  J oo 
−
ln 

q
q
 J SC 

(4.6)

Both devices exhibit similar non-linear temperature dependence of Voc at
temperatures below 225 K (Figure 4.5), but extrapolating the linear Voc-vs.-T data for T ≥
225 K to 0 K reveals a higher EA for CIGSSe (~1.18 eV) than for CZTSSe (~0.92 eV).
Moreover, while EA ≈ Eg for CIGSSe, EA < Eg for CZTSSe. This reduced activation
energy is also reported for CZTSSe in literature25 as well as for similarly processed Gealloyed cells125 but directly contrasts with the observation made from the temperature
dependence of Jo. The discrepancy between the two methods of calculating EA indicates
a breakdown in the validity of Equation (5.6) due to the temperature-dependent ideality
factor. Additionally, Equation (5.6) is invalid in the case of voltage-dependent carrier
collection since the denominator of the argument of the natural logarithm in Equation
(5.6) becomes Jsc*η(VOC),

=
VOC


E A nkT 
J oo
−
ln 

q
q
 J SCη (VOC ) 

(4.7)

where η(VOC) is the voltage-dependent collection efficiency η(V) evaluated at VOC.99
Indeed, CZTSSe solar cells fabricated similarly to those tested in this work have been
shown to suffer from severe voltage-dependent carrier collection compared to CIGSSe
devices.99,165 In any case, the low EA measured from the CZTSSe Voc-vs.-T data is a
symptom of the Voc deficiency measured for the cell.
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Figure 4.6 Temperature dependence of Voc, with linear extrapolations of the Voc data for
temperatures from 225 to 350 K. The horizontal dashed and solid lines indicate the band
gap energies estimated from the EQE response (discussed in Section 4.3.2) at room
temperature (i.e. 300 °C) for the CIGSSe and CZTSSe devices, respectively. Reprinted
from [164] with permission from IEEE.

Conventional External Quantum Efficiency Analysis
Quantum efficiency analysis aims to evaluate the spectral response of a completed
solar cell by measuring the current extracted from the device held at a fixed bias over a
range monochromatic illuminating photon energies with intensities normalized to the
AM1.5G spectrum. Conventionally, this technique applies two principal assumptions: (1)
the absorber layer thickness is much greater than the combined width of the space-charge
region (SCR) in the absorber and the characteristic diffusion length (Ld) of minority
carriers in the absorber material, rendering recombination effects at the back contact
negligible, and (2) the electric field in the SCR is sufficiently strong and the
absorber/buffer interface sufficiently passive that 100% of carriers that are generated
within or diffuse to the SCR are collected; in other words, all parasitic recombination
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occurs in the quasi-neutral region in the bulk of the absorber. The absorption of incident
photons in the absorber layer follows the Beer-Lambert law
𝐼𝐼 (𝜆𝜆, 𝑧𝑧) = 𝐼𝐼𝑜𝑜 exp[−𝛼𝛼 (𝜆𝜆)𝑧𝑧]
ℎ𝑐𝑐

𝛼𝛼 (𝜆𝜆) = 𝐴𝐴𝑜𝑜 �

𝜆𝜆

(4.8)

− 𝐸𝐸𝑔𝑔

(4.9)

where Io is the intensity of the illumination at the absorber surface, α(λ) is the
wavelength-dependent absorption coefficient, z is the depth beneath the absorber surface,
Ao is the absorption coefficient prefactor, h is Planck’s constant, c is the speed of light,
and Eg is the absorber band gap. The internal quantum efficiency (IQE) in the SCR is
therefore given by
𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 (𝜆𝜆, 𝑉𝑉 ) =

𝑊𝑊(𝑉𝑉)

𝐼𝐼𝑜𝑜 −∫0

−𝛼𝛼(𝜆𝜆)𝐼𝐼(𝜆𝜆,𝑧𝑧)𝑑𝑑𝑑𝑑
𝐼𝐼𝑜𝑜

= 1 − exp[−𝛼𝛼 (𝜆𝜆)𝑊𝑊 (𝑉𝑉 )]

(4.10)

where W(V) is the voltage-dependent SCR width. Carriers generated within one
diffusion length of the SCR edge are collected according to an exponential distribution
away from the SCR168

Thus, the total IQE follows

𝐼𝐼𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝜆𝜆, 𝑉𝑉 ) =

𝛼𝛼(𝜆𝜆)𝐿𝐿𝑑𝑑 exp[−𝛼𝛼(𝜆𝜆)𝑊𝑊(𝑉𝑉)]

(4.11)

𝛼𝛼(𝜆𝜆)𝐿𝐿𝑑𝑑 +1

𝐼𝐼𝐼𝐼𝐼𝐼(𝜆𝜆, 𝑉𝑉 ) = 𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 (𝜆𝜆) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝜆𝜆) = 1 −

exp[−𝛼𝛼(𝜆𝜆)𝑊𝑊(𝑉𝑉)]
𝛼𝛼(𝜆𝜆)𝐿𝐿𝑑𝑑+1

(4.12)

While the IQE only considers incident photons that are absorbed in the absorber layer,
the external quantum efficiency (EQE) accounts for photons that reflect off the surface of
the film or interfaces within the device as well as photons that transmit through the
device completely, such that
𝐸𝐸𝐸𝐸𝐸𝐸(𝜆𝜆, 𝑉𝑉 ) = [1 − 𝑅𝑅 (𝜆𝜆) − 𝑇𝑇(𝜆𝜆)]𝐼𝐼𝐼𝐼𝐼𝐼(𝜆𝜆, 𝑉𝑉 )

(4.13)
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where R(λ) and T(λ) are the wavelength-dependent percent reflectance and transmittance,
respectively.
The EQE response of CIGSSe and CZTSSe solar cells under various biases is
shown in Figure 4.6. The figure also depicts the derivative of the EQE response for both
devices in order to estimate the band gap for each absorber; since the inflection point in
the long-wavelength response corresponds to the absorption edge for the absorber, the
wavelength where the maximum in the derivative of the response occurs provides a
reliable estimate for the absorber band gap.20

Figure 4.7 EQE response for CZTSSe and CIGSSe solar cells at various voltage bias
conditions. The solid black line corresponds to short-circuit condition (0 V), the dashed
black line to forward bias (maximum power point, MP; 0.325 V for CZTSSe and 0.51 V
for CIGSSe), and the red solid line to the ratio between the reverse bias (-0.5 V) and
short-circuit response. The dotted black line represents the derivative of the short-circuit
EQE response, used to estimate the absorber band gaps; for these cells, the CZTSSe band
gap is roughly 1.05 eV, while that for CIGSSe is estimated to be 1.2 eV. The CIGSSe
figure is reproduced from McLeod et al, Progress in Photovoltaics: Research &
Applications, 2015, with permission from Wiley.13
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The CIGSSe device demonstrates generally more ideal behavior than its CZTSSe
counterpart. The smaller slope of the CIGSSe data in the diffusion-limited range from
550-900 nm compared to that for CZTSSe from 550-1000 nm indicates the minority
carrier diffusion length in the CIGSSe absorber is longer than is the case for CZTSSe.
(Note that the range of concern is extended for the CZTSSe device compared to the
CIGSSe cell due to the slightly lower band gap of CZTSSe). The effect on the EQE
response from applying reverse and forward biases to the devices further supports this
conclusion. When applying a reverse bias to the device, the depletion region is extended
deeper into the absorber layer, while a forward bias shrinks the depletion region width in
the absorber. For short minority carrier diffusion lengths, increasing the depletion region
width in the absorber increases carrier collection at long wavelengths, since carriers
generated deep in the absorber do not need to diffuse as far toward the junction before
entering the depletion region and being swept to the junction by the electric field;
likewise, decreasing the depletion width decreases collection at long wavelengths. While
neither device shows notable increase in carrier collection in reverse bias, the reduction in
collection under forward bias is significantly less drastic for the CIGSSe device than for
its CZTSSe counterpart. This observation could indicate that the minority carrier
diffusion length is shorter for CZTSSe than for CIGSSe, but the depletion width is a
stronger function of voltage for the CZTSSe absorber than for CIGSSe. In any case, the
significant reduction in carrier collection and the increase in the slope of the EQE
response in the diffusion-limited regime observed for CZTSSe under forward bias further
demonstrate the non-ideal nature of this cell.
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The CIGSSe EQE response also demonstrates more ideal behavior than CZTSSe
near the absorption edge, since the cutoff in collection is much more abrupt in the case of
CIGSSe. High densities of defects at energy levels near the absorber conduction and/or
valence band edge(s) introduce sub-band gap tail states that can participate in both carrier
generation and recombination. This band-tailing phenomenon manifests as a smaller
slope in the EQE response near the absorption edge. Urbach tail analysis provides a
means of estimating the characteristic energy of the defect distribution near the band
edge(s). In this model, the absorption coefficient is described by a piecewise function,
with α(hν) following the conventional model (Equation 4.9) above the band gap but
modified to account for an exponential distribution of defect states near the band edge:
𝐸𝐸

ℎ𝜐𝜐−𝐸𝐸𝐺𝐺

𝐴𝐴0 � 𝑈𝑈 exp �
2exp(1)
𝛼𝛼 (ℎ𝜐𝜐) = �
𝐴𝐴0 �ℎ𝜐𝜐 − 𝐸𝐸𝐺𝐺

𝐸𝐸𝑈𝑈

�

𝑓𝑓𝑓𝑓𝑓𝑓 ℎ𝜐𝜐 < 𝐸𝐸𝐺𝐺 + 𝐸𝐸𝑈𝑈 /2

(4.14)

𝑓𝑓𝑓𝑓𝑓𝑓 ℎ𝜐𝜐 ≥ 𝐸𝐸𝐺𝐺 + 𝐸𝐸𝑈𝑈 /2

where ν is the photon frequency given by ν=c/λ and EU is the characteristic Urbach tail
energy of the defect distribution.169 Given the conventional relationship between EQE
and α(hν) from Equation 4.9, a plot of ln(-ln(1-EQE)) vs. hν linearizes the region of the
EQE response where band tails prevail, and the slope of the data in the region gives
EU.169 This analysis yields Urbach energies of 33 and 15 meV for CZTSSe and CIGSSe,
respectively, demonstrating that band tails impact CZTSSe device performance more
significantly than they do CIGSSe cells.
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Figure 4.8 Urbach tail analysis for CZTSSe and CIGSSe solar cells.

Generalized Temperature-Dependent Current-Voltage Analysis
The IVT analysis in Section 4.3.1 clearly demonstrates the non-ideal behavior of
the CZTSSe device – namely, the strongly temperature-dependent ideality factor outside
the theoretically sensible range from 1 to 2 and the failure of the saturation current model.
The EQE analysis in Section 4.3.2 offers further evidence of the non-ideal characteristics
of CZTSSe via the strongly voltage-dependent current collection measured in forward
bias, which necessitates the use of Equation 4.7 (rather than the simpler Equation 4.6)
when performing IVT analysis. A detailed discussion of a method to determine and
interpret the voltage-dependent collection function is presented in Section 4.3.4. First, it
is worthwhile to develop a generalized technique to analyze the non-ideal IVT
characteristics measured for CZTSSe cells.
Recall Equation 4.3 – the model for the temperature dependence of Jo. For
CZTSSe devices, a Richardson plot of ln(Jo) vs. 1/kT does not yield linear data
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(presumably) due to the temperature-dependent ideality factor. However, while
accounting for n(T) in the modified Richardson plot (n*ln(Jo) vs. 1/kT) does produce
linear data, the mathematically equivalent plot of ln(Jo) vs. 1/nkT fails to generate the
equivalent result. This observation suggests that the modified Richardson plot only
linearizes the data because the recombination activation energy EA is a linear function of
temperature. The band gap Eg of a semiconductor is well-known to be temperature
dependent, and furthermore the form of the temperature dependence can often be
accurately described by a linear function.170–172 In the case of dominant recombination
across the band gap, involving a combination of one band edge and a defect site near the
other, or even between defect sites near both band edges, EA trends with Eg, giving
𝐸𝐸𝐴𝐴 (𝑇𝑇) = 𝐸𝐸𝐴𝐴,0 + 𝛽𝛽𝛽𝛽

(4.15)

where EA,0 is the recombination activation energy at 0 K and β is the linear activation
energy temperature coefficient. For Si, β has been reported to be 0.01 to 0.07 meV/K.170–
172

When performing IVT analysis for CZTSSe solar cells, the temperature dependence

of EA must be considered.113,120,173
The band tails evidenced for the CZTSSe absorber by the EQE analysis in Section
4.3.2 introduce another non-ideal, temperature dependence into the electrical device
model.174,175 For temperatures above 0 K, these band tails/potential fluctuations reduce
the recombination activation energy by the variance in the magnitude of the fluctuations
in the band edge(s) according to174,175
𝜎𝜎𝐸𝐸2

𝐴𝐴
𝐸𝐸𝐴𝐴 (𝑇𝑇) = Ē𝐴𝐴 − 2𝑛𝑛(𝑇𝑇)𝑘𝑘𝑘𝑘

(4.16)
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where ĒA is the mean recombination activation energy and 𝜎𝜎𝐸𝐸𝐴𝐴 is the standard deviation

in the distribution of defect states around the band edge. Since this model assumes a

Gaussian distribution of defect states while the Urbach tail model assumes an exponential
distribution, 𝜎𝜎𝐸𝐸𝐴𝐴 ≈ 2EU.

Collectively, the temperature-dependent activation energy and ideality factor and

the voltage-dependent carrier collection necessitate a generalized IVT model for CZTSSe
devices in order to determine the degree to which these phenomena affect the measured
IVT characteristics. As shown in detail in Reference 113, incorporating these nonidealities into the saturation current model (i.e. replacing EA in Equation 4.3 with ĒA and
combining Equations 4.3, 4.15, and 4.16) gives
𝐽𝐽𝑜𝑜 (𝑇𝑇) = 𝐽𝐽𝑜𝑜𝑜𝑜 exp �
𝛾𝛾 = 𝛽𝛽 +

−�Ē𝐴𝐴,0 −𝛾𝛾𝛾𝛾�

𝛤𝛤𝜎𝜎𝐸𝐸2
2

𝑛𝑛(𝑇𝑇)𝑘𝑘𝑘𝑘

𝐴𝐴

�

(4.17)
(4.18)

where 𝛤𝛤 is related to the slope of a plot of 1/(n(T)kT) vs. T, which is linear for the bulk

recombination model of n(T) presented in Section 4.3.1. (Since the potential fluctuations
exist throughout the bulk of the CZTSSe absorber – including at the interface – the bulk
recombination model for the ideality factor is considered.) Likewise, the temperature
dependence of the open-circuit voltage becomes
𝑉𝑉𝑂𝑂𝑂𝑂 (𝑇𝑇) =

Ē𝐴𝐴,0 −𝛽𝛽𝛽𝛽
𝑞𝑞

𝜎𝜎𝐸𝐸2

𝐴𝐴
− 2𝑛𝑛(𝑇𝑇)𝑘𝑘𝑘𝑘𝑘𝑘
−

𝑛𝑛(𝑇𝑇)𝑘𝑘𝑘𝑘
𝑞𝑞

ln �𝐽𝐽

𝐽𝐽𝑜𝑜𝑜𝑜
�
(𝑇𝑇)𝜂𝜂(𝑉𝑉
𝑆𝑆𝑆𝑆
𝑂𝑂𝑂𝑂 ,𝑇𝑇)

(4.19)

Many of the model parameters in Equation 4.19 can be estimated independently. The
IVT characteristics under illumination directly provide the short-circuit current density
JSC, and the voltage-dependent collection efficiency η can be approximated for a given
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temperature by the ratio of the dark current density to the JSC.176 Analyzing the dark IV
data at each temperature according to Sites’ method as described by Hegedus and
Shafarman124 allows the calculation of estimated values for the ideality factor n and the
saturation current density Jo. In turn, the Jo(T) data can be fit according to Equation 4.17
by making initial guesses for Joo and γ and iteratively plotting ln(Jo/Joo) – γ/n(T)k vs.
1/n(T)kT and n(T)ln(Jo/Joo) vs. 1/kT with successively improved estimates of Joo and γ.113
Urbach tail analysis of the EQE data at room temperature can be used to approximate 𝜎𝜎𝐸𝐸𝐴𝐴
assuming it is essentially independent of temperature (although temperature-dependent

EQE analysis would provide a more rigorous means of determining 𝜎𝜎𝐸𝐸𝐴𝐴 ). The value of 𝛤𝛤

in Equation 4.18 can be determined from a plot of a plot of 1/(n(T)kT) vs. T, thus

allowing the calculation of β. Alternatively, once all other parameters in Equation 4.19
have been estimated, β can serve as a fit parameter along with ĒA,0 (since β appears in a
temperature-dependent term and ĒA,0 does not) in order to fit the modeled temperaturedependent VOC to the experimentally measured values. Table 4.1 presents the values of
these model parameters estimated according to the methods described (using β as a fit
parameter), and Figure 4.8 plots the modeled VOC(T) against the measured values,
demonstrating excellent fit (R2 = 0.98) considering the collective error associated with
approximating the model parameters.

Table 4.1 Estimated CZTSSe device parameters for the proposed generalized
temperature-dependent VOC model.
β
(meV/K)

γ
(meV/K)

1.26

1.31

𝝈𝝈𝑬𝑬𝑨𝑨
(meV)
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ĒA,0
(eV)

Eg,0
(eV)

ĒA, 300 K
(eV)

Eg, 300 K
(eV)

1.46

1.41

1.07

1.05
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Figure 4.9 Modeled vs. measured temperature-dependent VOC.

To further support the quality with which the model fits the VOC(T) data, the
value of β in Table 4.1 can be used to calculate the band gap at 0 K, Eg,0, according to the
analogous formula to Equation 4.15 for the band gap temperature dependence. This
calculation yields a value of 1.41 eV for Eg,0, which agrees well with the fitted value of
ĒA,0. The value for β reported here is comparable to that reported for CZTS thin films in
literature (0.86 meV/K)177 but is one to two orders of magnitude greater than the values
reported for Si. The latter observation demonstrates why the temperature dependence of
EA can be neglected when analyzing Si solar cells but must be considered for CZTSSe
devices. Overall, accounting for band tails/potential fluctuations in CZTSSe absorbers
enables accurate modeling of non-ideal, temperature-dependent device characteristics.
Generalized Voltage-Dependent Quantum Efficiency Analysis
Since conventional temperature-dependent JV characterization fails to accurately
describe the behavior of non-ideal CZTSSe solar cells, it is important to evaluate the
validity of the assumptions in conventional EQE analysis when testing these devices. In
particular, for such thin absorber films as the nanocrystal-based CZTSSe cells described
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herein (~650 nm thickness for the large-grain CZTSSe layer) the assumption that the
combined width of the space-charge region and the minority carrier diffusion length is
much shorter than the active absorber thickness is questionable; in this case, the effects of
recombination at the back of the absorber film may not be negligible. Thus, an analogous
formula to Equation 4.12 must be derived allowing for thin absorbers and back surface
recombination effects.
Figure 4.10 displays the room-temperature JV characteristics for a 9.3% efficient
CZTSSe cell as well as the zero-bias external quantum efficiency data, wavelengthdependent reflectance of incident photons normal to the cell surface, and resulting
internal quantum efficiency response of the cell; Figure 4.11 shows the voltage- and
wavelength-dependent IQE and the IQE integrated over λ plotted against the series
resistance-corrected bias voltage on the same axes as the collection efficiency calculated
from the difference in the light and dark JV characteristics normalized to JSC.176

Figure 4.10 Room-temperature JV characteristics (left) and zero-bias EQE, R, and IQE
data (right) for a 9.3% efficient CZTSSe solar cell.
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Figure 4.11 (A) IQE(λ,V) for various biases ranging from -1 V to +0.385 V, and (B)
IQE(V) after integrating over λ plotted with the collection efficiency calculated from the
light and dark JV characteristics.

As generalized quantum efficiency models are developed in the ensuing sections,
they will be applied to the data in Figure 4.11.
4.3.4.1 Diffusion-Limited Collection
For convenience, let us define the overall IQE(λ,V) as the product of a diffusionlimited term IQEλ(λ,V) that is primarily wavelength-dependent and an exclusively
voltage-dependent term fV(V).
𝐼𝐼𝐼𝐼𝐼𝐼(𝜆𝜆, 𝑉𝑉 ) = 𝐼𝐼𝐼𝐼𝐼𝐼𝜆𝜆 (𝜆𝜆, 𝑉𝑉) × ƒ𝑉𝑉 (𝑉𝑉)

(4.20)

Then, we can write IQEλ(λ,V) as the sum of the SCR and diffusion contributions
to the quantum efficiency, as in Equation 4.12. The form of IQESCR(λ,V) is unchanged
by allowing for a thin absorber and back surface recombination effects, since the electric
field across the SCR in a one-sided junction such as that for CZTSSe/CdS is sufficiently
strong that the assumption that nearly 100% of carriers that reach the SCR are collected is
valid. However, the diffusion contribution IQEDiff(λ,V) becomes178
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(4.21a)

(4.21b)

where LD is the diffusion length, d is the thickness of large-grain CZTSSe layer in the
absorber (since the fine-grain layer is assumed to not contribute photogenerated carries),
and WSCR(V) is the voltage-dependent SCR width. Solving Equation 4.21 and
combining with Equation 4.10, we find a generalized diffusion-limited IQEλ model for an
arbitrary device thickness, following:
𝐼𝐼𝐼𝐼𝐼𝐼𝜆𝜆 (𝜆𝜆, 𝑉𝑉)

= 1 − 𝑒𝑒 −𝛼𝛼𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆
+

𝛼𝛼𝐿𝐿𝐷𝐷 𝑒𝑒 −𝛼𝛼(𝑑𝑑+𝑊𝑊𝑆𝑆𝑆𝑆𝑅𝑅 ) �𝑒𝑒 𝛼𝛼𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆 (𝑆𝑆𝐵𝐵 𝜏𝜏 − 𝛼𝛼𝐿𝐿2𝐷𝐷 ) + 𝑒𝑒 𝛼𝛼𝛼𝛼 �(𝛼𝛼𝐿𝐿2𝐷𝐷 − 𝑆𝑆𝐵𝐵 𝜏𝜏) Cosh[𝑧𝑧] + 𝐿𝐿𝐷𝐷 (𝛼𝛼𝑆𝑆𝐵𝐵 𝜏𝜏 − 1) Sinh[𝑧𝑧]��
(𝛼𝛼 2𝐿𝐿2𝐷𝐷 − 1)(𝐿𝐿𝐷𝐷 Cosh[𝑧𝑧] + 𝑆𝑆𝐵𝐵 𝜏𝜏 Sinh[𝑧𝑧])

(4.22)

where WSCR = WSCR(V), α = α(λ), z = (d – W)/LD, and τ is the minority carrier lifetime.
This generalized IQEλ model is consistent with the classical model of Equation 4.12 in
the limit of a semi-infinite absorber thickness (d >> (WSCR(V) + LD)) and a neutral back
surface (SB = LD/τ). While this model assumes negligible recombination in the SCR
and/or at the heterojunction interface, any significant recombination due to these factors
is accounted for in ƒV(V) of Equation 4.20 since all carriers would be equally effected by
such phenomena (i.e. the effects would be independent of the wavelength of absorbed
photons).
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Using values of WSCR(V) estimated according to [179], Equation 4.22 can be fit to
the experimental data in Figure 4.11 similarly as described by Gokmen et al180 in order to
provide estimates for LD, SB, and α(λ). Indeed, utilizing three fit parameters introduces
doubt into the reliability of such a fit; however, similarly as described by Scheer and
Schock,178 LD and SB are not mutually exclusive but rather interdependent. Therefore,
assuming physically reasonable values of SB for a passivated back surface (SB < LD/τ;
~102 cm/s), a neutral back surface (SB = LD/τ; ~104 cm/s), and a highly defective back
surface (SB > LD/τ; ~106 cm/s), fitting Equation 4.22 to the experimental data yields
estimates of LD ranging from 790 to 2400 nm given a CZTSSe minority carrier lifetime
of 2.3 ns as estimated from time-resolved photoluminescence (TRPL) depicted in Figure
4.12.

Figure 4.12 TRPL response from the CZTSSe solar cell under test, highlighting the linear
region of the data from which the minority carrier lifetime was extracted.
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For the purposes of this discussion, it is only important to acknowledge that
Equation 4.22 fits the experimental data well for reasonable values of LD, SB, and α(λ);
indeed, for any of the pairs of values of LD and SB mentioned above and α(λ) on the order
of 104-105 cm-1 for λ ≤ 1130 nm (similar to that reported in literature180), Equation 4.22
fits the experimental data well for applied biases up to +0.15 V, as depicted by the small
(< 2%) and wavelength-independent error (Figure 4.13) between the experimental data
and the fit. Therefore, we conclude Equation 4.22 accurately captures the SCR and
diffusion contributions to the quantum efficiency of the device.

Figure 4.13 Percent error in the residuals between the experimental EQE data and the fit
according to Equation 4.22 at various biases.

4.3.4.2 Recombination-Limited Collection
After solving for the diffusion-limited carrier collection regime, recombinationlimited carrier collection in forward bias can be analyzed according to the full carrier
collection model of Equation 4.20. Accordingly, IQEλ(λ,V) can be divided from the
measured IQE(λ,V) data to yield ƒV(V), shown as the experimental data in Figure 4.14.
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Here we verify that diffusion-limited carrier collection fails to account for the full voltage
dependence of the QE data, as ƒV(V) < 1 occurs as the bias voltage approaches VOC.
Additionally, we see that diffusion-limited carrier collection dominates for biases < +0.3
V since ƒV(V) ≈ 1 in this range; reverse bias data is not shown in Figure 4.14, though
ƒV(V) ≈ 1 is similarly observed. Therefore, we conclude that diffusion-limited collection
has been accurately accounted for by the analysis described in the preceding section and
only a recombination mechanism which affects all carriers equally remains. Several
models for voltage-dependent collection affecting all carriers equally have been proposed
in the literature.124,168,176,178,181

Figure 4.14 Best fits to the experimental data for the cases of voltage-dependent
collection due to tail state (TSR), space-charge region (SCR), and interface (IFR)
recombination. For the TSR model, ƒo is 7.7e-6 and Vo is 37 mV; for the SCR model, Vo
is taken to be the light-dark crossover voltage, 0.416 V, and XC is 23.4; and for the IFR
model, SIF/µ is 2000 V/cm.
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4.3.4.2.1 Interface and Space-Charge Region Recombination
One recombination model proposed to explain performance limitations in thinfilm solar cells is recombination at the heterojunction interface due to a significant
number of interface defect states. Under such an interface recombination (IFR) model,
applied to CdTe and CuXS solar cells, recombination at the heterojunction interface
increases as the electric field decreases at the junction in forward bias.178,181 In this
model, the resulting model for the recombination-limited collection efficiency ƒV follows
𝐹𝐹(𝑉𝑉)

(4.23a)

2(𝑉𝑉𝑏𝑏𝑏𝑏 −𝑉𝑉)

(4.23b)

𝑓𝑓𝑉𝑉 (𝑉𝑉) = 𝐹𝐹(𝑉𝑉)+𝑆𝑆
𝐹𝐹 (𝑉𝑉 ) =

𝐼𝐼𝐼𝐼 /µ

𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆 (𝑉𝑉)

where F(V) is the electric field in the depletion region of a one-sided junction, SIF is the
interfacial recombination velocity, and Vbi is the built-in potential of the device
(estimated from the light/dark JV crossover voltage). This model can be fit to the
experimental data for a single parameter SIF/μ, which relates the interface recombination
velocity to the minority carrier mobility. A plot of Equation 4.23 for various values of
SIF/μ is shown in Figure 4.15 compared to the experimental data.
Here we find that no reasonable fit to the data could be obtained from the IFR
model to explain the voltage-dependence of the forward-bias QE data. Specifically, the
measured reduction of ƒV(V) in forward bias near VOC cannot be reconciled with the
reasonably high values of ƒV(V) at 0 V and low forward bias. While interface
recombination limitations are commonly suggested to be responsible for the universally
low VOC’s reported in CZTSSe devices,25,119 the analysis presented here suggests
interface recombination is not a significant limitation to device performance. Similar
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conclusions were drawn from JVT analysis of CZTSSe in Section 4.3.3,113 where
interface recombination limitations can be misinterpreted from the data due to non-ideal
device behavior.

Figure 4.15 Experimental fV data plotted with the IFR model using various values of
SIF/µ.
An alternative model to account for reductions in carrier collection is
recombination in the SCR. Under such a model, the number of carriers which are
generated in or diffuse to the SCR can be reduced by recombination in the SCR due to a
low μτ-product or low electric field. In other words, the minority carrier lifetime
approaches the drift time of carriers crossing the depletion region. This effect is
especially important for p-i-n device structures such as a-Si as well as for CdTe
devices.124,168,176 In the case of strongly absorbed light (i.e. a high absorption coefficient),
the minority carrier diffusion equations can be approximated to find:
𝑓𝑓𝑉𝑉 (𝑉𝑉) = 𝑋𝑋(𝑉𝑉 )[1 − exp(−𝑋𝑋(𝑉𝑉 )−1)]
𝑉𝑉

𝑋𝑋(𝑉𝑉 ) = 𝑋𝑋𝐶𝐶 �1 − �
𝑉𝑉0

(4.24a)
(4.24b)
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where V0 is comparable to the light-dark crossover voltage and XC is the fitting parameter
dependent upon the electric field. The value of XC can be interpreted as the ratio of the
minority carrier lifetime and the effective transient time of carriers traveling across the
SCR (τSCR), which for a uniform field can be simplified to:
𝑋𝑋𝐶𝐶 =

𝜏𝜏

𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆

(4.25)

where τSCR is the transit time of minority carriers across the SCR.
As with the IFR model, a reasonable fit to the model could not be fit to the
measured voltage dependent QE data. The best fit to the SCR model was obtained for XC
= 23, presented in Figure 4.14. Again similar to IFR, the measured reduction of ƒV(V) in
forward bias cannot be reconciled with the reasonably high values of ƒV(V) for V < +0.3
V following the functional form of Equation 4.24.
Both IFR and SCR recombination limitations are found to have similar behavior,
shown in Figure 4.14, and these models would be difficult to distinguish from QE
analysis alone. It should be noted that in principle a combination of both of these
processes may also contribute to collection limitations in the device. However, IFR, SCR
recombination, and/or a combination of these mechanism all fail to capture the voltage
dependence of the measured ƒV(V) data; namely, significant reductions in ƒV(V) does not
occur until V > +0.3 V. In general, while these mechanisms may have reasonable
justification to exist in CZTSSe, they are not expected to be the dominant limitation in
ƒV(V) due to their functional form. A good indication that IFR and SCR recombination
limitations are not significant in the device can be drawn from the notably high values of
IQE(λ,0 V) (near 100%) at 560 nm, as significant losses due to these mechanisms would
reduce the collection of carriers at all wavelengths at a given voltage.
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4.3.4.2.2 Tail State Recombination
An alternative explanation for reductions in carrier collection in forward bias is
proposed to originate from enhanced voltage-dependent recombination rates in the device.
Recently, band tail states/potential fluctuations have gained interest in the
characterization of CZTSSe solar cells.111,113 Additionally, photoluminescence (PL)
analysis has indicated that recombination in CZTSSe is dominated by free-to-bound
transitions at 300 K.116,117 These potential fluctuations have been linked with the reduced
VOC’s commonly reported for CZTSSe.111,113 For nanocrystal-based CZTSSe and
CZTGeSSe solar cells, JVT analysis has identified such potential fluctuations, and
recombination via these states has been linked to the following (related) parameters: high
saturation currents, reduced diode activation energies, increased ideality factors, reduced
open-circuit voltages, and ultimately reduced device performance.113 The role of band
tail dominated recombination in limiting open-circuit voltage and device performance has
similarly been characterized in detail for a-Si and organic solar cells.182,183 Here we
illustrate that recombination via these tail states within the mobility gap of the absorber
can also manifest as reduced photogenerated carrier collection near VOC.
For recombination limited by tail states, the recombination rate is proportional to
the rate of free holes recombining with trapped electrons in the conduction band tail
states or free electrons recombining with trapped holes in the valence band tail
states.182,183 As these tail states extend into the mobility gap, an exponential increase in
tail state occupancy occurs as the quasi-Fermi level splitting is increased. Therefore, the
number of carriers involved in recombination (free carriers in addition to trapped carriers
in the tail states) can significantly increase for a device with tail state recombination
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relative to a traditional cell. In this case, the voltage-dependent recombination rate R(V)
follows:
𝑅𝑅(𝑉𝑉 ) ∝ 𝑛𝑛𝑡𝑡 or 𝑝𝑝𝑡𝑡 ∝ exp �

𝐸𝐸𝑡𝑡𝑡𝑡−𝐸𝐸𝐶𝐶
𝑘𝑘𝑇𝑇 ∗

𝐸𝐸𝑉𝑉 −𝐸𝐸𝑡𝑡𝑡𝑡

� or exp �

𝑘𝑘𝑇𝑇 ∗

�

(4.26)

where kT* is the characteristic energy of the distribution of tail states into the mobility
gap, EC and EV are the conduction and valence band edges, respectively, and Etn and Etp
are the trap quasi-Fermi levels for electrons and holes, respectively. Note that the
difference between the trap quasi-Fermi level and the corresponding band edge scale
linearly but oppositely with the applied voltage bias; that is, as the bias is increased, the
quasi-Fermi levels move closer to the band edges with a leaner voltage dependence.
Additionally, the value of kT* can be related to EU measured from absorption depending
on the nature of the potential fluctuations (i.e. electrostatic vs. band gap potential
fluctuations). It should also be noted that the increase in carriers available for
recombination is reflected as an increase in the proportionality constant for
recombination (i.e. Jo) for devices with band tail limiting recombination. The
recombination mechanism described here has previously been characterized for
nanocrystal-based CZTSSe from temperature-dependent JV measurements;113 an
additional contribution to recombination/ideality factor is included for low temperature
measurements when tunneling contributions can be significant.
The recombination limited carrier collection factor, fV(V), can be formulated from
Equation 4.26 following:
𝑓𝑓𝑉𝑉 (𝑉𝑉 ) ≡

𝐺𝐺−𝑅𝑅(𝑉𝑉)
𝐺𝐺

1

𝑉𝑉

= 1 − 𝑅𝑅 (𝑉𝑉 ) = 1 − 𝑓𝑓𝑜𝑜 exp �𝑉𝑉 �
𝐺𝐺

𝑜𝑜

(4.27)
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where G is the constant generation rate for a given illumination, fo is a constant associated
with the total number of carriers available for recombination and the generation rate, and
Vo is a constant related to kT*/q. Equation 4.27 therefore represents a model for voltagedependent collection due to tail state recombination (TSR) that can be fit to the
experimental data using fo and Vo as fitting parameters, though information about the
approximate value of Vo is independently available via estimating EU from the EQE data,
as in Figure 4.8.
The TSR model fits the experimental data remarkably well for fo = 7.7e-6 and Vo
= 37 mV, as shown in Figure 4.14, suggesting that recombination due to potential
fluctuations in the CZTSSe absorber is responsible for the measured voltage-dependent
collection; note that the fitted value of qVo is in close agreement with the value of 33
meV estimated for EU from the EQE data in Section 4.3.2. In fact, the functional form of
fV(V) discussed here would be expected for any recombination rate which scales with the
carrier concentration. Therefore, voltage-deponent collection can be expected as a
general result of recombination in a solar cell, where an increase in injected current
occurs in forward bias.184,185 However, for an ideal cell, voltage-dependent collection
and failure of superposition can be reasonably ignored until applied biases increase above
VOC. In contrast, devices with significant recombination, such as that described here with
band tail recombination, can result in values of fo large enough to experience limiting
voltage-dependent collection near VOC. We propose these results are generally applicable
to non-ideal devices characterized with high Jo, which we have previously attributed to
potential fluctuations in the absorber for CZTSSe devices.113 Thus, the forward bias QE
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behavior identified here for CZTSSe is associated with significant recombination via
band tail states.
It should be noted that a blocking barrier to carrier collection can also cause
voltage-dependent collection,178 and furthermore that the particular voltage dependence
in such a case should follow the same functional form as the TSR model (see Appendix
C). Since a small spike in the conduction band offset is expected for a CZTSe/CdS
junction, we cannot rule out the possibility that a blocking barrier contributes to the
observed voltage-dependent collection. However, since the absorber in the device under
test contains residual sulfur, its conduction band minimum should be higher than that of
pure selenide CZTSe, and thus any spike at the junction should be minimal. In any case,
the voltage-dependence of fV in the scenario of a blocking barrier depends on the
thermionic emission of carriers over the barrier. Therefore, temperature-dependent QE
analysis is expected to further elucidate the origin of voltage-dependent collection in
CZTSSe solar cells – in fact, all analysis considered here can be further expanded upon
with temperature-dependent QE analysis. Moreover, the analysis described herein could
be performed on devices with Ge-alloyed CZTGeSSe absorbers containing various
amounts of Ge relative to Sn (as well as at various temperatures), since such alloying
increases the conduction band minimum for increasing Ge/(Ge+Sn) ratio99,113 as well as
modifies the minority carrier lifetime.
4.4

Conclusions

Solar cells with CIGSSe and CZTSSe absorbers processed from nanocrystal inks
have been characterized using conventional temperature-dependent current-voltage (IVT)
and voltage-biased external quantum efficiency (EQE) analysis. The results suggest the
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existing, idealized models developed for these techniques apply to the CIGSSe device
fairly well; however, non-idealities in the CZTSSe cell manifested as a high saturation
current and temperature-dependent ideality factor and recombination activation energy in
IVT analysis and band tails near the absorption edge in EQE measurements suggest the
simplified models fail to accurately capture the behavior of the CZTSSe device. As a
result, generalized models for IVT and voltage-biased EQE analysis are developed and
applied to experimentally measured CZTSSe characteristics, showing good agreement
between the modeled and measured behaviors. In particular, accounting for potential
fluctuations in the energy bands of the CZTSSe absorber due to physical nano- and
micron-scale defects yields models that capture the temperature dependence of the VOC
and the strongly voltage-dependent collection efficiency of photogenerated carriers for
applied forward biases near VOC. The analysis consequently indicates that the potential
fluctuations in the CZTSSe absorber represent a primary, fundamental limitation to VOC
in CZTSSe solar cells. Moreover, this work demonstrates that the failure to account for
non-idealities when performing IVT analysis can lead to a misinterpretation of the
experimental data and consequent arrival at erroneous conclusions; for example, without
accounting for the temperature-dependence of the ideality factor and the recombination
activation energy, extrapolating the temperature-dependent VOC data to 0 K results in the
inaccurate estimation of an activation energy well below the absorber band gap, which in
turn leads to the unsound conclusion that interface recombination represents the primary
inhibitor to the Voc.
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CHAPTER 5. CHEMICAL-MECHANICAL POLISHING OF CZTSSE ABSORBER
FILMS

5.1

Introduction

Chemical-mechanical polishing (CMP) provides a means of smoothing a surface by
uniformly removing a controllable amount of material based on several experimental
parameters, such as the polishing cloth/pad and suspension, the duration of the polishing
treatment, the speed with which the sample is moved over the horizontal polishing cloth,
and the perpendicular applied force. In this chapter, work to establish a CMP procedure
for CZTSSe films is presented. The process developed removes only a small amount
(roughly 100-200 nm) of the selenized absorber with each polishing treatment, allowing
the preparation of films polished to varying depths into the film. These films are then
characterized with Raman analysis to obtain a depth profile of the phase composition of
the selenized CZTSSe absorber. This polishing technique was also used to investigate
the effect of utilizing a polished CZTSSe absorber on device performance.
Recombination at the CZTSSe/CdS interface has long been a concern as a primary
limitation to cell efficiencies;15,25,112,120 therefore, by treating the CZTSSe absorber
surface just prior to CdS deposition, we hoped to observe a difference in device
characteristics that might provide insight into the role of interface recombination.
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5.2

Experimental Methods

Polishing treatments were performed using a Buehler MiniMet 1000
grinder/polisher with Buehler ChemoMet polishing cloths and MasterPrep suspension of
0.05 µm alumina particles unless otherwise specified. In a typical polishing treatment,
roughly 20 mL of the suspensio were carefully dispensed onto a new polishing cloth so
that the liquid pooled over nearly the entire surface of the cloth but did not run off the
side. The substrate was mounted onto a glass microscope slide using carbon tape, which
in turn was held to the MiniMet chuck by adhesion with a drop of water. With the
MiniMet set to a speed of 20 and a force of 5 lb., the sample was polished for 30 seconds,
then promptly rinsed thoroughly with ultrapure water and dried with compressed nitrogen
gas. In order to remove any alumina particles embedded in the film, the film was
sonicated in ultrapure water for at least 15 minutes and dried with nitrogen again.
5.3

Results and Discussion

Depth Profile Characterization of CZTSSe Films
Selenized CZTSSe films on Mo-coated SLG substrates were polished various
times in order to evaluate the phase purity of the film throughout its thickness. Raman
spectra acquired from an unpolished CZTSSe film as well as films polished 1, 2, 3, 5, and
6 times are presented in Figure 5.1. The estimate of the total film thickness (i.e. largegrain CZTSSe plus fine-grain layer) provided for each Raman spectrum was measured
via SEM cross section images of the films; images for the unpolished, 1x polished, and
6x polished films are depicted in Figure 5.2.
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Figure 5.1 Raman spectra for films polished 0, 1, 2, 3, 5, and 6 times.

Figure 5.2 SEM cross section images of films polished 0, 1, and 6 times, with thickness
estimates for the total film (dtot) and large-grain layer (dLG).
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Each Raman spectrum in Figure 5.1 is normalized to its sum in order to remove
sample-to-sample absolute intensity variations, allowing more reliable comparisons
between data for different samples. The spectra for films polished 1-3 times appear very
similar to that for the unpolished film; the peaks match well with those expected for
CZTSSe, with a small peak near 330 cm-1 corresponding to the residual S remaining at
anion sites in the crystal. By comparing the relative intensities of the CZTS signal near
330 cm-1 and the CZTSe peak at 198 cm-1 as well as the peak location of the CZTS signal
(which shifts to slightly higher wavenumbers for increasing S content relative to Se),131
we can obtain a qualitative profile of the S/Se ratio through the depth of the top ~550-600
nm of the unpolished selenized absorber. As depicted in Figure 5.3, this analysis
suggests a S/Se gradient exists in the film, with the relative S content increasing with
depth below the film surface; such a composition gradient is expected to incur a band gap
gradient through the depth of the film, not unlike the band gap gradient intentionally
introduced into CIGSe absorbers via In/Ga composition grading. In the case of CIGSe,
the electrical potential gradient provided by In/Ga grading is critical to achieving high
device efficiency. Likewise, a S/Se gradient in CZTSSe absorbers selenized from
nanocrystal films may contribute to the high short-circuit current reported for these
devices despite having such thin (< 1 µm) large-grain layers.
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Figure 5.3 CZTS peak location and CZTS/CZTSe peak intensity ratio as a function of
depth into the selenized CZTSSe film.

For the films polished 5 and 6 times, the emergence of two peaks near 237 and
255 cm-1 is observed; these peaks correspond to the condensed Se comprising the finegrain layer. Compositional analysis of the film polished 6 times performed with SEM
energy-dispersive x-ray spectroscopy (EDS) detected no Cu, Zn, or Sn in the sample
(Figure 5.4). This observation conflicts with the Raman data for the same sample, which
shows small peaks corresponding to some remaining CZTSSe. However, this
discrepancy may be attributed to uneven polishing of the film surface; in this scenario, it
is possible that the comparatively large-area Raman measurement (~10 µm spot diameter)
probed a region of the sample where the CZTSSe phase had not been completely
removed, while the small-area SEM-EDS scan captured a region where the film had been
fully polished to the fine-grain layer. Regardless, the EDS maps in Figure 5.4 indicate
that the fine-grain layer does not contain detectable amounts of Cu, Zn, or Sn, agreeing
with observations from Chapters 2 and 3 that allowing the selenization to proceed to
completion (i.e. 40 minutes for R2 CZTS nanoparticle films)18 results in the full
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incorporation of CZTS cations into large CZTSSe grains. The EDS data also suggest a
trace amount of alumina particles may remain in the 6x polished film despite
ultrasonication in ultrapure water, since the Al signal from the fine-grain layer appears
slightly stronger than that from the Mo coating on the SLG substrate.

Figure 5.4 SEM-EDS compositional maps for a CZTSSe film polished 6 times.

Effect of Polished CZTSSe Absorber on Device Performance
The room-temperature current-voltage (IV) and EQE characteristics for a solar
cell with a once-polished CZTSSe absorber are displayed in Figure 5.5; the EQE
response measured for a standard CZTSSe device is also presented. The difference in
current in forward bias between the up (-1 V  1 V) and down (1 V  -1 V) IV sweeps
indicates notable hysteresis in the polished device due to a difference in the occupied
traps under reverse and forward biases. Likewise, the EQE data suggests the presence of
a high density of recombination centers at the CdS/CZTSSe interface, since the EQE
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response peaks for photon wavelengths absorbed by the CdS and drops steeply for longer
wavelengths. Because the polished CZTSSe absorber films produce high quality Raman
data using a 633 nm laser, we primarily attribute the severe reduction in EQE response
for the polished device compared to the standard to a high recombination rate for
photogenerated carriers rather than a reduction in the number of photogenerated carriers.
In this case, treating the CZTSSe absorber surface via CMP clearly increases interface
recombination. This result likely stems from the presence of binary metal oxides found
to exist at the surface of the polished absorber via x-ray photoelectron spectroscopy
(XPS).186

Figure 5.5 Current-voltage and EQE characteristics for a CZTSSe solar cell with a 1x
polished absorber, as well as EQE response for a standard CZTSSe device. For the IV
sweeps, “up” refers to a voltage sweeps from -1 V to 1 V, while “down” denotes a sweep
from 1 V to -1 V. In the EQE plot, the vertical, dashed lines at 390, 510, and 1160 nm
indicate the band gaps of ZnO, CdS, and CZTSSe, respectively.
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Subsequent annealing treatments were investigated as attempts to cure the
polished surface and improve the device performance: an annealing step in an inert Ar
atmosphere and a second selenization. For the annealing treatment, the polished films
were heated at ~340 °C for 10 min. in a graphite box without any Se under a 10 sccm
flow of Ar. The resulting JV characteristics for polished absorbers are presented in
Figure 5.6. While the JSC is fairly comparable for both devices, the VOC and FF are
markedly lower for the absorber that was selenized a second time after polishing due to a
slightly higher series resistance and a significantly lower shunt resistance. Likewise, the
ideality factor and saturation current are notably higher for the absorber selenized after
polishing.

Figure 5.6 JV characteristics for CZTSSe devices with polished and treated absorbers in
the dark (dashed) and under AM1.5G illumination (solid).
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Figure 5.7 displays Raman spectra for the films treated with each post-polishing
treatment. The data for the film selenized a second after polishing time exhibits a
reduction in the peaks corresponding to a residual sulfide phase (205 and 330 cm-1) and
an increase in the intensity of the signal near 238 cm-1. The latter difference may be
attributable to a difference in the (dis)order of cation-related defects within the absorber
matieral, since similar changes in the relative intensity of secondary Raman signals have
been observed for CZTS films upon annealing 160, 200, and 350 °C for 24, 1, and 1 hr.,
respectively.110 Such a difference in the relative cation disorder may be accountable for
the measured difference in the device performance in Figure 5.6.

Figure 5.7 Raman data for polished and treated CZTSSe absorber films.
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5.4

Conclusions

With the hope of addressing the possibility of absorber/buffer interface
recombination limitations to VOC in CZTSSe solar cells, a chemical-mechanical polishing
procedure has been developed to allow modification of the CZTSSe absorber layer
surface and, in turn, the CZTSSe/CdS buffer interface. However, absorbers treated with
a single application of this procedure – removing roughly 350-400 nm of the film –
produce solar cells that fail to generate any useful photocurrent. The device performance
can be somewhat recovered by performing various annealing treatments after polishing,
but improvements over the standard devices with unpolished absobers were not realized.
Nonetheless, the polishing procedure provides a means of depth-profile characterization
of the film. Raman spectroscopy performed on films polished to varying degrees
suggests a gradient in the relative amounts of S and Se exists in the absorber, with the
S/(S+Se) ratio increasing from the film surface to the Mo back contact. Not unlike In/Ga
grading in CIGSSe solar cells, such a composition gradient is expected incur a band gap
increase from the absorber/buffer interface to the back of the absorber, which in turn may
be accountable for the high JSC and long diffusion length measured for CZTSSe solar
cells in Chapters 2 and 4 despite the thinness of the CZTSSe absorber (< 1 um) and its
high defect density.
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CHAPTER 6. SYNTHESIS OF CZTS NANOCRYSTALS WITH LOW-BOILING
SOLVENT AND LIGAND

6.1

Introduction

Due to the carbonaceous nature of the fine-grain layer observed between the Mo
back contact and selenized CZTSSe large grains, the formation of this layer is
hypothesized to be at least partially attributable to the heavy organic solvent and ligand –
namely oleylamine – used in the CZTS nanocrystal synthesis. Moreover, CZTSSe device
simulations have pointed to the fine-grain layer as a potential cause of a low built-in
voltage (VBI) measured for these devices,187 and a reduction in the fine-grain layer
thickness has been experimentally associated with a reduction in the series resistance
across solar cells with CZTSSe absorbers.18 Thus, further reduction or complete
elimination of the carbonaceous fine-grain layer is expected to benefit CZTSSe device
efficiencies. Low-boiling organic solvents and ligands with chemistries similar to
oleylamine are of particular interest as replacements for oleylamine that may lead to a
reduction in the amount of residual carbon present in the selenized absorber film.
However, in order to reach the temperatures typical of CZTS nanocrystal synthesis
recipes, such low-boiling solvents require the use of a sealed autoclave vessel capable of
withstanding the autogenous pressure generated at elevated temperature. Several groups
have reported the synthesis of CZTS nanocrystals at autogenous pressure in an
autoclave,46–51 but these studies have generally used solvents such as ethylene glycol or
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ethylene diamine, which are known chelation ligands. As a result, the reaction produces
aggregates of CZTS nanoparticles rather than well dispersed suspensions due to the
attractive van der Waals forces between small nanoparticles overcoming the
comparatively weak dispersive forces of the ligands.52 Hexylamine (HA) is therefore an
interesting solvent for the solvothermal synthesis of CZTS nanocrystals in an autoclave
due to its chemical similarity to oleylamine and slightly lower boiling point than
hexanethiol (~130 °C compared to ~150 °C), which is conventionally used as the
dispersing medium for CZTS nanocrystal inks. This chapter presents investigations into
the synthesis of CZTS nanocrystals using short-chain, primary amines (i.e. hexylamine
and butylamine) as the solvent and capping ligand, as well as the characteristics of films
selenized from these nanoparticles and the performance of solar cells comprising these
films as the absorber layer.
6.2

Experimental Methods

Syntheses were performed using 45-mL Parr 4744 acid digestion vessels
(stainless steel vessel with Teflon liner). During the reaction, the vessel was affixed with
stainless steel rings to a home-built tumbling mechanism to provide stirring. The
tumbling mechanism consists of a motor outside the furnace, a drive shaft that enters the
furnace through a hole drilled in one furnace wall (sealed around the drive shaft with a
rubber grommet), and a stainless steel plate fixed to the drive shaft with holes drilled to
the same diameter as the Parr vessel. The holes in the tumbling plate were drilled
symmetrically across the drive shaft and two Parr vessels inverted with respect to one
another were placed in mirroring holes in the tumbling plate in order to balance the
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weight of the vessels across the drive shaft throughout each revolution of the tumbling
plate. The tumbling rate was always set to ~50 rpm.
All chemicals were used as purchased from Sigma-Aldrich. Reaction solutions
were prepared and added to the vessels and the vessels were sealed as tightly as possible
by hand in a nitrogen glovebox to ensure an inert environment during the reaction. After
removing the vessels from the glovebox and before placing them in the furnace to begin
the reaction process, the vessels were firmly sealed using the Parr spanner wrenches and
holding fixture.
A confocal Horiba/Jobin-Yvon XploRA microscope was used for Raman
measurements in cases where a 532-nm laser was noted as the excitation source. The
higher energy of this laser (compared to the 633-nm laser typically used herein) results in
the Raman measurement being more sensitive to both the surface of the sample – since
the incident photons do not penetrate as deep into the sample before being scattered – and
high band gap impurity phases (such as ZnSe) that may be present in the sample.
6.3

Results and Discussion

Nanocrystal Synthesis and Characterization
Table 6.1 presents selected synthesis conditions. For all samples except Sample
41, the precursors used were CuCl, ZnCl2, Sn(acac)2Cl2, and elemental S; for Sample 41,
Cu(acac)2 and Zn(acac)2-2H2O were used in place of CuCl and ZnCl2, respectively.
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Table 6.1 Reaction conditions for selected experimental syntheses of CZTS nanoparticles
in an autoclave.
Sample
Solvent
(NJCA1XX)
23
25
29
39
41

HA
BA/PT
HA
HA
HA

Reaction
Temp.
metals/S
(°C)
1.02
200
1.00
200
0.96
225
0.87
160
0.87
160

Precursor Ratio
Cu/(Zn+Sn)

Zn/Sn

0.99
1.01
1.00
0.85
0.86

1.04
1.03
1.01
1.07
1.05

Reaction
Time
(hr.)
14
14
1
24
24

6.3.1.1 Solvent and Precursor Effects
Figure 6.1 presents XRD data for Samples 23 and 25, which were synthesized at
200 °C for 14 hours using different solvents: hexylamine (HA) for Sample 23 and a 50/50
mixture of butylamine (BA) and propanethiol (PT) by volume for Sample 25. As seen
with syntheses at atmospheric pressure,45 including a thiol in the solvent mixture leads to
the formation of hexagonal wurtzite (rather than tetragonal kesterite) CZTS nanoparticles.
Nonetheless, both the XRD data and Raman spectra (see Figure 6.2) for Samples
23 and 25 suggest the particles comprise primarily pure-phase CZTS, since no peaks
corresponding to binary or ternary impurity phases are observed. The appearance of the
primary Raman signal at nearly the same location (338 cm-1) for both kesterite (Sample
23) and wurtzite (Sample 25) CZTS agrees with reports in literature.42,188 Interestingly,
the formation of a wurtzite phase is also observed for the low temperature (160 °C)
synthesis using acetylacetonate cation salts due to the shoulders observed on either side
of the kesterite CZTS 112 reflection and a small wurtzite peak near 51° 2θ in the XRD
data for Sample 41 in Figure 6.3. Conversely, using chloride cation salts for the synthesis
at 160 °C yielded particles exhibiting kesterite XRD characteristics.
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Figure 6.1 XRD data for nanocrystal Samples NJCA123 and NJCA125, as well as
Powder Cell simulated XRD spectra for polycrystalline kesterite and wurtzite CZTS.

Figure 6.2 Raman data obtained with a 532 nm laser for nanocrystal Samples NJCA123
and NJCA125.
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Figure 6.3 XRD data for nanocrystal Samples NJCA123, NJCA129, NJCA139, and
NJCA141, as well as Powder Cell simulated XRD spectra for polycrystalline kesterite
CZTS.

Figure 6.4 Raman data obtained with a 532 nm laser for nanocrystal Samples NJCA123,
NJCA129, NJCA139, and NJCA141.
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6.3.1.2 Temperature and Time Effects
The XRD data in Figure 6.3 coupled with Raman scans in Figure 6.4 provide
valuable information about the effects of the reaction temperature and time. The
sharpness of the peaks for particles synthesized at 225 °C (Sample 29) compared to the
breadth of the signals for particles synthesized at lower temperatures (Samples 23, 39,
and 41) indicates that higher temperatures lead to more crystalline particles, even with the
notably shorter reaction time. The Raman data reveal that longer reaction times may
yield more phase-pure CZTS particles, since Sample 29 (1 hour reaction) exhibits a
signature peak from Cu2-δS near 475 cm-1 while Sample 23 (14 hours) produces no
secondary peaks. However, the formation of secondary phases is not completely
independent of the reaction temperature, since Samples 39 and 41 – synthesized at
160 °C – also generate Raman signals attributed to Cu2-δS despite having been
synthesized in a 24-hour reaction. The fact that the Cu2-δS impurity is observed in the
Raman data for Samples 29, 39, and 41 but not in the XRD scans suggests these particles
are smaller in size than the CZTS nanocrystals. This assertion is further supported by a
size separation of particles synthesized using the same conditions as Sample 29.

Figure 6.5 Diagram of the size separation procedure using sequential centrifugation steps,
and the resulting sample populations.
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Figure 6.6 Raman data obtained with a 633 nm laser for the Large and Medium particle
populations collected from NJCA129 particles.

Figure 6.5 presents a diagram of the centrifugation steps utilized to perform the
size separation, while Figure 6.6 illustrates via Raman data that the largest particles
obtained from the sample include CZTS and some amount of Cu2-δS but intermediately
sized particles exhibit only Cu2-δS characteristics. Thus, the observation that
comparatively small Cu2-δS particles are present in samples synthesized for short reaction
times and at low temperatures agrees with reports from literature that the CZTS
formation pathway begins with the nucleation of small Cu2-δS seeds from which CZTS
grows via Ostwald ripening.43,157,189
Absorber and Device Fabrication and Characterization
In order to determine the effectiveness of reducing the molecular weight of the
organic ligands on the nanoparticle surfaces in minimizing or eliminating the fine-grain
layer in selenized absorbers and completed devices, CZTSSe films and solar cells were
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fabricated using CZTS nanoparticle samples synthesized under various conditions in the
autoclave vessels. Moreover, the effects of the dispersing medium and coating technique
were studied by comparing films coated via doctor-blade and spin-coating using
hexylamine and hexanethiol ink formulations.
6.3.2.1 Absorber Film Structure and Morphology
XRD data for films selenized from Samples 23, 25, and 29 are presented in Figure
6.7. For all three cases, the selenized film exhibits the kesterite CZTSSe structure. The
conversion of wurtzite CZTS nanocrystals to a kesterite selenized film observed for
Sample 25 has also been observed for wurtzite CZTS particles synthesized at atmospheric
pressure in oleylamine and selenized according to the same procedure.45

Figure 6.7 XRD data for films selenized from nanocrystal Samples NJCA123, NJCA125,
and NJCA129.
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The Raman spectra for these same three samples as well as Sample 41 (Figure 6.8)
indicate the Cu2S impurity phase in Sample 29 plays a role in converting the sulfide
nanoparticles into a nearly purely selenide film. Films from Samples 23, 25, and 41
exhibit primary CZTSSe signals near 198 cm-1 and small signals near 330 cm-1; the
former peak is slightly red-shifted from the expected location of 196 cm-1 for purely
selenide CZTSe, and the latter is attributable to residual sulfide CZTS character in the
film. This observation agrees with previous work in characterizing films selenized from
CZTS nanoparticles, as in Chapters 2 and 5 and elsewhere.45,99,127,189

Figure 6.8 Raman data obtained with a 532 nm laser for films selenized from nanocrystal
Samples NJCA123, NJCA125, NJCA129, and NJCA141.
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However, the primary signal in Sample 29 occurs right at the expected location
for purely selenide CZTSe, and little to no signal is observed near 330 cm-1, indicating
the S/(S+Se) ratio in Sample 29 is approximately zero. The Raman data furthermore
suggests Cu2-δSe is present in the film selenized from Sample 29 (evidenced by the
signal near 260 cm-1) but not that from Sample 41; thus, it is possible that the small
amount of Cu2S present in Sample 41 nanoparticles compared to that in Sample 29
(evidenced by the relative intensity of the Cu2-δS and CZTS Raman signatures in these
samples in Figure 6.4) is insufficient to benefit the selenization to the same extent as is
the case for Sample 29. Regardless, a scenario where the relatively small-grain Cu2-δS
impurity phase does indeed enhance the conversion of sulfide to selenide grains does not
seem very improbable given the finding from Chapters 2 and 3 that small, Cu-rich
particles play a key role in initiating the growth of grains that ultimately become CZTSSe.
The morphology of films coated by various methods with nanocrystal Samples
123, 125 and 129 and selenized was also investigated; to this end, images of film cross
sections were captured via scanning electron microscopy (SEM) and are depicted in
Figure 6.9. Subsections (a), (b), and (d) of the figure present films coated by the doctorblade technique; for the films in (a) and (b), hexylamine was used as the ink dispersing
medium, while hexanethiol was used for this purpose in (d). The film in (c) was prepared
similarly as in [19]. The reaction product mixture (CZTS nanocrystals, byproducts, and
unreacted precursors in hexylamine) from the autoclave was first spin-coated onto the
Mo/SLG substrate and annealing at 300 °C in nitrogen to form a thin, ~100 nm layer.
This process was repeated for a total of 10 times, and then the film was selenized.
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Figure 6.9 SEM images of cross sections of films selenized from nanocrystal Samples (a)
23, (b) 25, and (c,d) 29. The nanocrystal precursor films in (a) and (b) were coated via
doctor-blade with hexylamine as the ink medium, and (d) was doctor-blade coated with a
hexanethiol-based ink. The film in (c) was spin-coated from the reaction product mixture
directly using the general procedure outlined in [19].

As demonstrated by the SEM images in Figure 6.9, the selenized film morphology
is highly dependent upon the ink medium used to prepare the nanocrystal film prior to
selenization. Coatings prepared in hexylamine – whether the nanoparticle film comprised
kesterite CZTS alone (Figure 6.9a), Cu2S and kesterite CZTS (Figure 6.9c), or wurtzite
CZTS (Figure 6.9b) – yielded selenized films comprising large grains intermixed with
fine-grain material throughout the depth of the film. However, after selenization the
spin-coated films (Figure 6.9c) generally contained less fine-grain material and produced
more densely packed large grains than doctor-blade coated films. Notably, the large
amount of fine-grain material in the film selenized from wurtzite CZTS nanocrystals
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doctor-blade coated in hexylamine (Figure 6.9b) starkly contrasts with the observation of
almost no fine grains in films selenized from wurtzite CZTS nanoparticle inks in
hexanethiol reported in literature.45 Moreover, Figure 6.9d illustrates that, when coated
using the conventional doctor-blade technique and hexanethiol ink formulation, Sample
29 nanocrystals produce selenized films with the familiar bi-layer morphology, with large
grains atop fine grains. Thus, the choice of dispersing medium when formulating the
nanocrystal ink seems to significantly impact the selenized film morphology.
It is important to note that the fine grains in Figure 6.9d fundamentally differ from
those in CZTSSe films processed from CZTS nanocrystals synthesized in oleylamine. As
was shown in Chapter 5, the fine-grain layer resulting from oleylamine-capped CZTS
nanoparticles comprises C and Se but no detectable cations. However, the fine grains in
Figure 6.9d consist of unsintered (but selenized) CZTSSe grains. SEM-EDS
compositional analysis of the fine-grain layer in a sister cell to the one depicted in Figure
6.9d shows that the (Cu+Zn+Sn)/Se ratio is roughly 1.1. The apparent anomaly that this
value exceeds 1 when the film should be Cu - and therefore cation - deficient can be
resolved by acknowleding that residual S is likely present; indeed, the
(Cu+Zn+Sn)/(S+Se) ratio is approximately 0.7, although the overlap of the S
fluorescence with that from Mo renders the S singal somewhat unreliable. Regardless,
since the total amount of cations in the fine grains roughly equals the amount of
chalcogen, we conclude that these grains are primarily CZTSSe. A caveat to this
conclusion could be that the ratio of cations to chalcogen is roughly 1 only because the
interaction volume of the incident electron beam in the measurement is sufficiently large
to probe the large-grain CZTSSe layer at the top of the film. However, this is not
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expected to be the case. First, several measures were taken to prevent this issue: (1) as
depicted in Figure 6.10, the EDS data was obtained from a section of the fine grains at
the Mo interface to provide physical separation between the beam and the large CZTSSe
grains; (2) the sample was tilted 2° such that the interaction volume of the beam would
protrude primarily into the bottom of the fine-grain layer and Mo back layer; and (3) the
lowest accelerating voltage that yielded sufficient counts for a reliable quantitative
measurement - accounting for the high fluorescence threshold of Sn - was used (in this
case, 15 kV). Additionally, even if the interaction volume were large enough to partially
probe the large-grain CZTSSe layer, where the cation-to-chalcogen ratio should be
roughly or slightly less than 1, the fine grains must comprise a similar ratio for the
aggregate composition of the two layers to be in the measured range of 0.7-1.1.

Figure 6.10 SEM cross section image of a CZTSSe device fabricated from Sample 29
particles in a hexanethiol ink. The white rectangle illustrates the area from which EDS
composition data was obtained.
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6.3.2.2 Device Performance
Devices were fabricated using Samples 23 and 25 to avoid forming the Cu2Se
impurity phase in the selenized absorber; representative current-voltage characteristics
for devices doctor-blade coated from Sample 23 nanoparticles in hexanethiol and from
Sample 25 particles in hexylamine are presented in Figure 6.11. In general, particles
synthesized in the autoclave yield devices with very low efficiencies (i.e. less than 1%),
regardless of the solvent, cation precursors, or coating medium used. Such poor
performance is attributed to the morphology of the absorbers, since fine grains are either
interspersed with large grains throughout the absorber or comprise a majority of the
absorber thickness in the bi-layer morphology; this assertion is supported by the
extremely low shunt resistances (i.e. < 100 Ω-cm2) estimated from the dark IV
characteristics. Thus, more intensive optimization of the coating and selenization
processes is necessary to improve device efficiencies.

Figure 6.11 Current-voltage characteristics of devices fabricated from NJCA123 particles
coated in hexanethiol (NJCA123-HT) and NJCA125 particles coated in hexylamine
(NJCA125-HA) via the doctor-blade technique. The ideality factor for both cells was
above 2 at room temperature.
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6.4

Conclusions

CZTS nanoparticles have been synthesized in an autoclave using hexlyamine as the
dual-purpose solvent and capping ligand. For a low reaction temperature of 160 °C or a
short reaction time of 1 hr., Cu2-δS forms as a secondary phase in smaller particles than
those comprising CZTS; however, syntheses at 200 °C for 14 hr. produce relatively purephase CZTS nanocrystals. Selenizing coated inks of these particles using hexylamine or
hexanethiol as the dispersing medium leads to starkly different film morphologies, with
hexylamine inks yielding large CZTSSe grains interspersed with fine-grain material
while hexanethiol inks produce a more familiar bi-layer morphology, where large
CZTSSe grains sit atop fine grains. However, while the fine grains characterized in
Chapter 5 – arising from CZTS particles capped with oleylamine – comprise primarily C
and Se and no detectable cations, the fine-grain layer in the films selenized from
hexylamine-capped CZTS nanoparticles dispersed in hexanethiol consists of CZTSSe
grains that did not coarsen upon selenization. Despite the apparent (and desirable)
reduction in C content in the selenized absorber films, devices from the hexlyaminecapped CZTS nanocrystals fail to achieve efficiencies greater than 1%, suggesting further
optimization of the absorber formation process is needed.
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CHAPTER 7. SYNTHESIS OF CU2MNSNS4 NANOPARTICLES FOR
PHOTOVOLTAIC DEVICES

7.1

Introduction

Cu2MnSnS4 (CMTS) is a crystalline semiconducting material whose constituent
atoms are arranged in the tetragonal stannite structure (space group I-42m).190 Bernert
and Pfitzner calculated the volume of the CMTS unit cell at room temperature and
atmospheric pressure to be 333.78 Å3 with lattice parameters a = b = 5.548 Å and c =
10.844 Å.190 Bulk, single CMTS crystals have been modeled191,192 and grown by the
Bridgman method193 and researched for their electronic and ferromagnetic properties.
Moreover, CMTS nanocrystals have been synthesized in solution via a hot-injection
approach,194 and thin films have been prepared using a sol-gel technique.195,196 The
optical band gap of CMTS nanocrystals is reported to be 1.1 eV,194 while that for thin
films was estimated at 1.3 eV.195 McCabe et al estimated the hole binding energy for
Cu2Mn0.9Zn0.1SnS4 bulk crystals grown by the Bridgman method to be 95±9.5 meV.197
Several groups have demonstrated that CMTS is a magnetically induced ferroelectric
material and have suggested CMTS as a candidate for use in spintronic
devices.191,192,194,198,199 Born in the 1980’s,200 spintronics is a field that studies the
function of quantum spin in solid state physics.201 In particular, spintronics is concerned
with the spin of carriers in semiconductor devices rather than electrons or holes, since
splitting in the energy of the spin states in ferromagnetic materials can cause carriers with
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opposite spin to exhibit differences in population and mobility. As an example, this
effect can be exploited in a memory-storage device with alternating layers of
ferromagnetic and nonmagnetic layers called the giant-magnetoresistive (GMR)
sandwich structure, in which the device resistance can be increased or reduced in the
presence of a magnetic field.202 If such a device could be developed for PV applications,
the implications would include not only a potential for high efficiency, low-cost solar
cells but also a fundamental development in solid state physics. Thus, due to its
similarity to CZTS, the high earth abundance of Mn relative to Zn (~1,000 ppm Mn in
earth’s crust),28 and its potential for use in spintronic devices, CMTS is an interesting
material that warrants study. In this chapter, work to synthesize CMTS nanocrystals and
use them to fabricate thin film solar cells is presented.
7.2

Experimental Methods

For CMTS nanocrystal synthesis, all chemicals were used as purchased from
Sigma-Aldrich (CMTS precursors, Se pellets) and Acros Organics (oleylamine), and the
general hybrid solvothermal/hot-injection procedure for CZTS nanocrystal synthesis
reported by Guo et al35 was adapted for CMTS. Syntheses utilizing Mn(acac)2 as the Mn
precursor were performed by adding all three cation precursors with oleylamine to the
reaction flask at room temperature before connecting it to the Schlenk line; however, due
to MnCl2 being provided as beads rather than a powder and its low solubility in
oleylamine at room temperature, syntheses utilizing MnCl2 involved adding only the Cu
and Sn precursors to the reaction flask initially. In these cases, a 0.1 M solution of MnCl2
in olelyamine was prepared in a glovebox and sealed with a rubber septum, stirred at
60 °C for at least 1 hour until the MnCl2 completely dissolved, and injected into the
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reaction flask using a nitrogen-filled syringe after the flask was purged at roughly 130 °C.
Material characterization and device fabrication were performed according to the
procedures described in previous chapters and elsewhere,18,98,99,127 with selenizations
performed at 500 °C for 20 min. using four Se pellets (roughly 260 mg). MnS
nanoparticles used as the Mn precursor in some experiments were synthesized by purging
OLA in a three-neck flask on a Schlenk line at ~110 °C (pull vacuum for 5 min. followed
by Ar backfill, repeated a total of 3 times), injecting 3 mL of a 0.5 M MnCl2/OLA
solution and 1.5 mL of a 1.0 M S/OLA solution, heating to 200 °C, and allowing the
solution to react for 5 hours before removing the heating mantle and allowing the solution
to cool naturally to room temperature.
7.3

Results and Discussion

Nanocrystal Synthesis and Characterization
Table 7.1 presents the reaction synthesis conditions for a representative sample of
experimental syntheses. All reactions utilized a 1 M solution of elemental S in OLA as
the anion precursor and were allowed to proceed for 30 minutes after the point at which
all precursors were included in the reaction mixture and the mixture first reached the
desired reaction temperature. That is, for cases when any precursors were injected at the
reaction temperature, the timer was started at the point of injection; if all precursors were
added below the reaction temperature, the timer was started when the mixture reached the
reaction temperature.

119
Table 7.1 Reaction conditions for selected experimental CMTS synthesis reactions.
Precursor Material

Sample
(NJCA0XX)

Cu

Mn

Sn

33*
35
41
45
47
65§

Cu(acac)2
CuCl2-2H2O
Cu(acac)2
Cu(acac)2
Cu(acac)2
Cu(acac)2

MnCl2
MnCl2
MnCl2
MnCl2
Mn(acac)2
MnS/OLA

Sn(acac)2Cl2
SnCl4
Sn(acac)2Cl2
Sn(acac)2Br2
Sn(acac)2Br2
Sn(acac)2Cl2

Reaction
Precursor Molar Ratios
Temp.
Cu/
Mn/Sn metals/S
(°C)
(Mn+Sn)
1.00
1.00
0.67
240
1.00
1.00
0.67
225
1.00
0.99
0.67
225
0.95
1.11
0.68
250
0.79
1.51
0.75
250
0.98
1.04
1.06
250

* - S precursor injected after the purge procedure at a temperature of ~130 °C.
§
- Mn precursor injected at reaction temperature; S precursor injected 60 seconds later.

Raman spectra for the samples listed in Table 7.1 are depicted in Figure 7.1. In
literature, CMTS thin films were reported to show a single, strong peak near 333 cm-1
after annealing in air at 300 °C,195 and all samples included in Figure 7.1 exhibit a strong
signal at this location. However, additional peaks observed between 290 and 380 cm-1
for Samples 33, 35, 45, and 65 likely correspond to secondary phases of MnS and/or
Cu2SnS3, and a small peak near 475 cm-1 in Sample 35 is attributable to a small Cu2-δS
impurity phase. Regardless, the Raman spectra suggest Samples 41 and 47 may comprise
relatively pure-phase CMTS, but XRD studies present conflicting evidence.
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Figure 7.1 Raman spectra for CMTS nanocrystal samples synthesized under various
conditions, as well as expected peak locations for potential MnS and CTS impurity
phases.

Figure 7.2 XRD data for CMTS nanocrystal samples synthesized under various
conditions, as well as expected peak locations for CMTS, CTS, and wurtzite (solid black)
and cubic (dashed red) MnS as simulated in PowderCell.
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Figure 7.2 presents XRD data for all samples in Table 7.1 except sample 33. All
samples except Sample 45 exhibit XRD signals attributable to MnS (cubic: 34.7° and
49.7° 2θ; wurtzite: 27.2°, 29.2°, and 30.9° 2θ) or Cu2-δS (46.1° 2θ), although the peaks
corresponding to MnS in Sample 41 are rather miniscule. It should also be noted that due
to the similar crystal structures of CMTS and CTS, the XRD spectra for these phases are
difficult to distinguish for nanocrystalline samples due to peak broadening effects
resulting from the short-range order in the crystalline domains. Further comparison of
selected samples via compositional SEM-EDS analysis is provided in Table 7.2.

Table 7.2 Cation ratios calculated via SEM-EDS compositional analysis of CMTS
nanocrystal samples.
Cation
Ratio

NJCA033 NJCA041

NJCA047

NJCA065

Cu/(Mn+Sn)

1.08

0.88

0.74

0.98

Mn/Sn

0.58

0.90

1.30

0.77

Samples 33 and 65 are very Mn-poor, while Sample 47 is somewhat Mn-rich.
However, all three of these samples are Mn-poor compared to the as-charged precursor
ratios cited in Table 7.1, suggesting Mn is generally less reactive than Cu and Sn
regardless of the Mn precursor used. Although Sample 41 is slightly Sn-rich, it
comprises Cu, Mn, and Sn in roughly the same ratios as were charged to the reaction and
as expected for the CMTS stoichiometry. Since Sample 41 also exhibited minimal signal
from secondary phases in Raman and XRD measurements, it is concluded that these
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particles represent the purest-phase CMTS nanocrystals obtained from the various
experimental reaction conditions. Figure 7.3 presents a representative TEM image of the
synthesized CMTS nanocrystals, demonstrating a distribution of particle sizes from
roughly 5 to 20 nm with an average near 10 nm.

Figure 7.3 Representative TEM image of CMTS nanocrystals.

Absorber and Device Fabrication and Characterization
The XRD analysis in Figure 7.4 presents two representative cases suggesting
CMTS nanocrystal films generally convert to CMTSe upon selenization based on the
prevalence of the tetragonal peak near 17° 2θ not attributable to monoclinic CTSe, with
MnSe as a commonly observed secondary phase.
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Figure 7.4 Representative XRD spectra for CMTSSe films with and without a secondary
MnSe phase, as well as expected signal locations for CMTSe, CTSe, and MnSe.

Figure 7.5 Representative Raman spectrum for a CMTSSe film, as well as expected
signal locations for CTSe.
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Figure 7.5 presents a typical Raman spectrum for CMTSSe films. Signals at 191,
234, 246, and possibly 151 cm-1 are attributed to CMTSe, while the presence of a residual
sulfide phase is inferred from the small peak near 330 cm-1, similarly observed for
CZTSSe. The shoulder near 205 cm-1 may be attributable to either the sulfide or selenide
CMTS/Se phase. Since the primary CTSe signal near 178 cm-1 is not observed, CTSe is
not expected to exist as an impurity in the sample; however, the similarity in the crystal
structures of CTSe and CMTSe may be responsible for the shared secondary Raman
signals near 205, 234, and 246 cm-1 for these two materials.
Top-down SEM images of CMTSSe films (Figure 7.6) reveal a morphology
consisting of isolated islands of large grains, which is responsible for the severely low
shunt resistance (< 100 Ω-cm2) measured for CMTSSe devices via current-voltage
characteristics (Figure 7.7).
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Figure 7.6 Top-down (plane view) SEM image of a representative CMTSSe absorber
film.

Figure 7.7 Room-temperature current-voltage characteristics for a representative
CMTSSe device.
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However, the current-voltage characteristics demonstrate diode behavior for a
device with the structure Mo/CMTSSe/CdS/i-ZnO/ITO/grids, and the order-of-magnitude
increase in short-circuit current values measured under light compared to in the dark is
attributed to the photoresponse of CMTSSe. This result suggests CMTSSe may be a
viable photovoltaic material with further optimization of the device fabrication process.
7.4

Conclusions

Cu2MnSnS4 (CMTS) nanocrystals have been synthesized by a hybrid
solvothermal/hot-injection method and characterized via XRD, Raman spectroscopy, and
SEM-EDS elemental analysis. For most recipes, Cu2SnS3 (CTS) and/or MnS are
detected as impurity phases; however, relatively pure-phase CMTS nanocrystals were
successively synthesized by reacting stoichiometric amounts of Cu(acac)2, MnCl2, and
Sn(acac)2Cl2 with 50% excess elemental S in oleylamine at 225 °C for 30 min.
Nanocrystal inks were formulated by suspending dried nanocrystals in hexanethiol, and
thin films were coated with the inks using the doctor-blade method. The films were then
selenized in a graphite box at 500 °C for 20 min., resulting in the nearly complete
replacement of S with Se in the crystal lattice and associated growth of large, micronsized grains. Analysis of the selenized films via XRD and Raman spectroscopy indicates
the large grains exhibit CMTSSe characteristics, with MnSe as a commonly observed
secondary phase when MnS particles were present in the nanocrystal film prior to
selenization. Through SEM imaging, the large grains are generally found to be arranged
in an isolated island morphology, which leads to very low shunt resistance in completed
solar celles. Nonetheless, the observation of a photoresponse and diode characteristics
from the CMTSSe/CdS/i-ZnO active device structure suggests CMTSSe may hold
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promise as a photovoltaic material with further optimization of processing conditions.
Coupling this functionality with the magnetic nature of CMTSSe in spintronic solar cells
could provide a means of developing novel electronic devices with applications in energy
generation and memory.
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CHAPTER 8. CONCLUSIONS AND SUGGESTED FUTURE WORK

8.1

Conclusions

In the context of addressing the low open-circuit voltage reported for CZTSSe
based solar cells throughout literature, CZTSSe nanocrystals, selenized absorber films,
and completed devices have been synthesized and characterized in an attempt to elucidate
and resolve the fundamental limitation to the VOC. The formation of a distribution of
particle sizes and compositions in the CZTS nanocrystal synthesis and its dependence on
the conditions of the synthesis recipe has been correlated with the measured VOC in
CZTSSe solar cells. Furthermore, real-time studies of the role the observed nanocrystal
distribution plays in the critical selenization process has provided unprecedented insight
into the mechanism by which a film of CZTS nanocrystals converts into a dense layer of
large CZTSSe grains upon selenization. Detailed electrical characterization of CZTSSe
solar cells points to electrical potential fluctuations or tails in the energy bands of the
absorber, which arise due to nanoscale defects and micron scale band gap flucutations in
the absorber material, as a fundamental VOC inhibitor. Due to the non-ideal
characteristics of the device behavior that arise as a consequence of potential
fluctuations/band tails, generalized electrical models have necessarily been developed
that capture the non-ideal device behavior over a range of temperatures and applied
voltage biases.
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Other possible causes for low VOC proposed in the literature – namely,
recombination losses at the CZTSSe/CdS interface or near the CZTSSe surface toward
the Mo back contact – have also been addressed, both in the electrical analysis mentioned
above and through separate experimental efforts. A chemical-mechanical polishing
procedure has been developed that affords modification of the CZTSSe absorber surface
and, in turn, its interface with the CdS buffer layer; however, solar cells with absorbers
treated with a single application of this procedure produce fail to generate any useful
photocurrent. Although the device performance can be somewhat recovered by
performing various annealing treatments after polishing, improvements over
conventionally processed devices with unpolished absorbers were not realized.
Additionally, CZTS nanoparticles have been synthesized in an autoclave using
hexlyamine as the dual-purpose solvent and capping ligand rather than the heavier
oleylamine used for typical syntheses, which is hypothesized to be accountable for the
carbonaceous fine-grain layer that forms between the large-grain CZTSSe absorber layer
and the Mo back contact upon selenizing a film of CZTS nanocrystals. If this layer
represents a source of VOC limitations due to back surface recombination in CZTSSe
solar cells, the successful minimization or complete elimination of this layer would be
expected to improve the VOC. While films selenized from hexylamine-capped CZTS
nanocrystals still exhibit a fine-grain layer between the large-grain CZTSSe layer and the
Mo contact, this layer is found to comprise CZTSSe grains that failed to coarsen rather
than primarily carbonaceous material. Nonetheless, devices fabricated from the
hexlyamine-capped CZTS nanocrystals fail to achieve efficiencies greater than 1%.
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While the experimental efforts to address interface and back surface
recombination limitations to CZTSSe device performance failed to yield the desired
improvement in VOC, these measures are certainly not sufficiently exhaustive or
conclusive to rule out the possibility that either of these limitations is responsible for the
low VOC measured in CZTSSe solar cells. However, the detailed electrical analysis
performed herein strongly suggests that potential fluctuations/band tails in the CZTSSe
absorber represent the primary, fundamental limitation to the VOC. Therefore, efforts to
improve CZTSSe device efficiencies should strive to reduce the density of defects and
the prevalence of spatial band gap variations in the CZTSSe absorber material.
Due to its similarity to CZTS and its unique magnetic properties, Cu2MnSnS4
(CMTS) is another interesting and potential alternative solar cell absorber material. Here,
the synthesis of CMTS nanocrystals by a hybrid solvothermal/hot-injection method has
been presented, and the resultant particles have been characterized via XRD, Raman
spectroscopy, and SEM-EDS elemental analysis; these studies indicate relatively purephase CMTS nanocrystals were successively synthesized by reacting stoichiometric
amounts of Cu(acac)2, MnCl2, and Sn(acac)2Cl2 with 50% excess elemental S in
oleylamine at 225 °C for 30 min. CMTS nanocrystal inks were formulated, coated, and
selenized according to similar procedures as developed for CZTS, and analysis of the
selenized films via XRD and Raman spectroscopy indicates the large grains exhibit
CMTSSe characteristics. Through SEM imaging, the large grains are generally found to
be arranged on the Mo-coated substrate in an isolated island morphology, which leads to
very low shunt resistance in completed solar celles. Nonetheless, the observation of a
photoresponse and diode characteristics from the CMTSSe/CdS/i-ZnO active device
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structure suggests CMTSSe may hold promise as a photovoltaic material with further
optimization of processing conditions. Coupling this functionality with the magnetic
nature of CMTSSe in spintronic solar cells could provide a means of developing novel
electronic devices with diverse applications.
8.2

Suggested Future Work

Further developing CMTSSe devices via solution-based routes in the same
manner as solar cells fabricated from CIGS and CZTS nanocrystals and molecular
precursor solutions may lead to electronic devices with diverse applications in energy
generation and elsewhere. However, little information about the defect formation
energies or energy levels in the band structure is available for CMTSSe; it is possible that
potential fluctuations will be just as difficult a challenge for CMTSSe as for CZTSSe
given the multivalency of Mn, for example, but it could also be that the different size of
Mn compared to Zn would limit Cu/Mn intermixing, where Cu/Zn intermixing represents
a primary stable and deleterious intrinsic defect in CZTSSe absorbers. Regardless, any
efforts to further develop CMTSSe devices must begin with optimizing the CMTSSe
absorber formation process. The isolated island morphology described in Chapter 7
suggests that CMTS densifies significantly upon selenization and/or the coated
nanocrystal films were too thin; thus, thicker precursor films and/or repeated coatingselenization iterations may lead to the formation of continuous CMTSSe absorbers with
relatively uniform thickness over the substrate, in turn allowing deeper investigation into
the potential applications of this material.
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Appendix A. Chapter 2 Supplemental Information

A.1 Nanoparticle Size Analysis

The size of small and large nanoparticles were measured based on TEM brightfield images which were obtained using FEI Tecnai 20. The bright-field images were first
converted into binary images which only contained black objects (nanoparticles) on a
white background in ImageJ. Then, the nanoparticles were outlined and analyzed in
ImageJ. The size of individual nanoparticles was measured as Feret diameter and then
prepared into histograms to show the size distribution in Figure A1.

Figure A1 The size distribution of (a) small particles and (b) large particles that were
measured based on TEM bright-field images in ImageJ. The numberical labels along the
horizontal axis represent the largest Feret diameter measured for particles in a given bin.
For example, nearly 35% of the small particles were observed to have a Feret diameter
greater than 2 nm and less than or equal to 4 nm.
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A.2 Nanocrystal Composition Analysis

Examining the elemental composition of R1 small, large, and mixed particles
(rather than the cation ratios presented in the main text) facilitates a better understanding
of deviations from the target composition. Specifically, studying the percent deviation
( %dev. , defined by Equation A1) of a given cation/sulfur ratio for a particular sample
elucidates whether the sample is rich or deficient in that cation.

%dev. = (100% )

X /Ssample − X /Starget

(A1)

X /Starget

In Equation A1, X /Si is the ratio of cation X to sulfur either for the
experimental sample or for calculated ratios assuming the target Cu1.74Zn1.05SnS4
stoichiometry.

Table A1 Elemental composition of R1 small, large, and mixed particles calculated via
EDS analysis.
Sample

a)

Cu/S
Zn/S
Sn/S
(Cu+Zn+Sn)/S
[avg. (%dev.)]a) [avg. (%dev.)] [avg. (%dev.)] [avg. (%dev.)]

Small

0.40 (12%)

0.10 (-53%)

0.27 (34%)

0.77 (-19%)

Large

0.32 (-15%)

0.32 (39%)

0.19 (-14%)

0.82 (-13%)

Mixed

0.35 (-7%)

0.25 (9%)

0.22 (3%)

0.82 (-13%)

Target

0.44

0.26

0.25

0.95

Average values were calculated in the same manner as in Table 3.1. The percent
deviation from the target value ( %dev. ) was calculated according to Equation S1. For
the single cation/S ratios, the target value ( X /Starget ) was scaled by the %dev. for the
(Cu+Zn+Sn)/S ratio to better reflect the real deviation in each sample.
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The data in Table A1 demonstrate that the mixed particle composition does not
deviate significantly from the target, while the large particles are particularly Zn-rich and
the small particles are Zn-poor but Sn-rich.

A.3 Peak Fitting for Raman and XRD Data

Raman spectra for R1 small, large, and mixed particles and selenized films and
XRD data for the selenized films were fit using a linear superposition of Gaussian and
Lorentzian distributions according to Equation A2:

IG ( x)
=
IL ( x) =

A 4 ln ( 2 )

ω

π

2

x − xc ) 
(
exp  −4 ln ( 2 )

2


ω



ω
π 4 ( x − xc ) 2 + ω 2

2A

(A2)

( x ) gI G ( x ) + (1 − g ) I L ( x )
I=
where A is the peak amplitude, ω is the peak FWHM, xc is the location of the peak
maximum, and g is the weighting factor for the Gaussian contribution to the peak shape.
The fitted peaks for the Raman and XRD data are displayed in Figure 3.3 and Figure 3.5
in the main text.

A.4 Device Performance Characterization

Current-voltage characteristics both in the dark and under illumination for devices
processed from R1 and R2 large and mixed particles are presented in Figure A2.
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Figure A2 Current-voltage characteristices under illumination and in the dark for solar
cells fabricated from R1 large (A), R1 mixed (B), R2 large (C), and R2 mixed (D)
particles.

Analysis of the illuminated current-voltage characteristics reveals that Voc
differences are the primary cause of variation in device performance among the tested
devices.
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Appendix B. Chapter 3 Supplemental Information

Table B1 Peak locations for fluorescence and diffraction signals in EDXRD spectra.
Photon Energy (keV) Type of Signal Source of Signal
11.1
Fluorescence
Se Kα
12.4
Fluorescence
Se Kβ
17.4
Fluorescence
Mo Kα
19.6
Fluorescence
Mo Kβ
22.4
Diffraction
CZTSe 101
25.2
Fluorescence
Sn Kα
28.5
Fluorescence
Sn Kβ
33.7
Diffraction
CuSe 101
34.3
Diffraction
Cu2-δSe 111
34.8
Diffraction
CZTSe 112
35.7
Diffraction
CuSe 102
36.6
Diffraction
CZTS 112
39.7
Diffraction
CuSe 006
51.4
Diffraction
Mo 110
56.1
Diffraction
Cu2-δSe 220
56.8
Diffraction
CZTSe 204
57.4
Diffraction
CuSe 110

157

(a)

(b)

(c)

Figure B1 Full-range EDXRD data for fast heating of (a) large, (b) mixed, and (c) small
particle films. See Table S1 for peak assignments.
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(b)

(a)

(c)

Figure B2 Full-range EDXRD data for slow heating of (a) large, (b) mixed, and (c) small
particle films. See Table S1 for peak assignments.
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Appendix C. Chapter 4 Supplemental Information

C.1 Temperature-Dependent Current-Voltage Characteristics

Figure C1 Dark current-voltage characteristics of CIGSSe (top) and CZTSSe (bottom)
solar cells at temperatures from 77 to 350 K. The arrow points in the direction of
increasing temperature.

C.2 Recombination-Limited Collection Due to a Blocking Barrier
A barrier due to a heterojunction band offset can also lead to a voltagedependence in the QE response affecting all carriers equally.124,178 Varying the S/(S+Se)
ratio in the CZTSSe absorber tunes the bandgap of the material via changes in the
conduction band minimum and valence band maximum. As a result, two possible band
alignments exist between the CZTSSe absorber and the CdS buffer based on the value of
S/(S+Se) in the absorber. For CZTSSe with high sulfur content, the conduction band in
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CZTSSe is higher than that in CdS, leading to a “cliff” type band alignment; however, for
lower relative sulfur content, the conduction band in CZTSSe is lower than in CdS and
results in a “spike” in the CdS conduction band at the interface.113,203,204 Since the
bandgap of CdS is much greater than that of even CZTS (i.e. S/(S+Se)=1), a large
valence band offset exists between CdS and CZTSSe for all values of S/(S+Se) and
serves as a beneficial hole-blocking barrier. The different conduction band alignments
give rise to their own issues. While higher sulfur content in CZTSSe leads to a higher
bandgap and, in turn, theoretical VOC, the “cliff” offset at the interface has been proposed
to serve as a recombination center for photogenerated electrons passing from the absorber
into the buffer; this effect may contribute to the general experimental observation that
despite absolute VOC improvements with increased S/(S+Se) content in CZTSSe
absorbers, the VOC deficit (Eg/q-VOC) in CZTSSe/CdS devices is also found to increase
with the absorber band gap.15,18,20,25,99,205
In the case of a "spike" band alignment, the difference in the absorber and buffer
conduction bands at the interface, ΔEc, represents a barrier to the flow of photogenerated
electrons. A small spike (ΔEc > 0) may be beneficial to solar cell performance (provided
it does not represent a significant barrier to current flow), since it ensures the interface
band gap is equal to the absorber band gap at the interface. In the case of a cliff
alignment, the interface band gap is reduced to the difference between the buffer
conduction band and the absorber valence band, and such a reduced interface band gap
leads to parasitic Schockley-Read-Hall recombination.178 Nonetheless, the limiting
saturation current able to surpass a spike interface barrier is described by the thermionic
emissivity of electrons at the interface:178
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where q is the elementary charge, k is the Boltzmann constant, vth is the electron thermal
velocity, na,IF is the density of electrons at the interface, and ND,a is the density of free
electrons in the bulk absorber. Under increasing forward bias, the band bending and
electron density at the interface decrease, and the conduction band offset becomes an
increasingly significant limitation to the collected photocurrent. In one extreme case
where J0,TE is much greater than the photogenerated current, Jgen, all of the
photogenerated current is collected; however, in the other extreme, J0,TE is much less than
Jgen, and thus only J0,TE is collected.178 As a result, the collected current Jcoll can be
proportionally related to the ratio of the product of J0,TE and Jgen to their sum:
𝐽𝐽𝑔𝑔𝑔𝑔𝑔𝑔 𝐽𝐽0,𝑇𝑇𝑇𝑇 (𝑇𝑇,𝑉𝑉)

𝐽𝐽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∝ 𝐽𝐽
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where θ’ and θ are proportionality constants at a given temperature. Incidentally, the
temperature dependence of θ is related to the magnitude of the conduction band offset,
indicating investigation of temperature-dependent EQE response at forward bias would
allow the determination of ΔEc. Figure # demonstrates the excellent fit of Eqn. # to the
experimental data (IQE/IQEλ vs. V), using Vbi estimated from measured capacitancevoltage characteristics and θ(300 K) as the single fitting parameter. Equation # can be
further simplified to
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This form of the equation follows the same voltage dependence as Equation 4.27 without
applying the Boltzmann approximation. Thus, we cannot rule out the possibility that the
expected “spike” conduction band alignment between CdS and CZTSSe may contribute
to the significant reduction in ƒV at far forward bias.
If a blocking barrier is indeed at least partially responsible for the measured
voltage-dependent collection, this scenario would be consistent with our earlier finding
that alloying Ge with CZTSSe resulted in superior collection in this forward bias regime,
since the substitution of Ge with Sn in CZTGeSSe tunes the bandgap by increasing the
conduction band minimum (and thus reducing ΔEc). Investigation of the biased EQE
response for CZTGeSSe/CdS devices with varying Ge/(Sn+Ge) content as well as the
temperature dependence of the EQE response at a given bias is necessary to determine
the extent to which a blocking barrier causes voltage-dependent collection in CZTSSe
solar cells. If the blocking barrier model does apply, determining the behavior of θ(T) for
devices with varying Ge/(Sn+Ge) would afford the estimation of ΔEc as a function of Ge
content.
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